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In this work, a hybrid locomotion robotic platform is evaluated.  This system combines the 
benefits of both rolling and walking, with the intent on having the ability to traverse variable 
terrain.  A quadruped leg-wheeled robot was designed, built, and tested.  Experimental trials 
were conducted to demonstrate the overall feasibility of the design.  Finally, important 
conclusions about the effectiveness and value of hybrid locomotion were reached.  Posture 
control is specifically identified as an effective area with great potential. 
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Within the vast field collectively known as robotics, there is a large subset of vehicles that 
require some form of locomotion.  Self-propelled motion from place to place is an essential 
part of robotic technology and research.  The ability to traverse various terrain and obstacles 
is paramount in mobile platforms.   
 
Many forms of locomotion have been developed.  Some are meant to perform very specific 
tasks, while others are designed to be extremely robust.  Depending on the application the 
robot is meant to be used for, there may not be a need for an overly complex locomotion 
scheme.  However, there are a seemingly infinite number of applications for a truly robust 
form of locomotion.   
 
Traditional robotic locomotion focused on exclusively wheeled or legged solutions.  
Designers often opt for the ease of implementing wheels, especially on flat surfaces.  Legs 
are sometimes used to negotiate tougher terrain.  Many mobile robots are made to imitate the 
types of legged locomotion that can be found in nature. 
 
Another approach to the problem of traversing variable terrain is to combine the benefits of 
multiple individual forms of locomotion.  This thesis discusses such an approach.  Many 
advantages will be shown in the combination of both rolling and walking.   
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1.1 Assessment of Need 
Research in the area of robotics is becoming more and more prevalent.  Most mobile robots 
are restricted to the confines of a laboratory environment.  New and exciting results can be 
obtained if a truly robust variable terrain platform can be developed.  While the first 
generation of system intended to achieve this goal will not necessarily be developed for 
hostile environments, the feasibility for future use can be evaluated. 
 
A new robotic platform is needed, and must be designed, built, and tested.  This platform 
must demonstrate the ability to carry modest payloads over various types of terrain 
conditions.  It should also be small, with a footprint minimized as much as feasibly effective.  
The cost and intricacy should be kept to a minimum, meaning commercial off-the-shelf 
(COTS) parts will most likely be used.  Since this new platform is meant for research 
purposes, an emphasis will be placed on the analysis and characterization. 
1.2 History 
Since their inception, robotic devices have had a vast number of uses.  Traditionally, their 
uses were limited by computing power and cost.  Early industrial robotic applications 
included “pick and place” tasks.  Machines like the PUMA and SCARA robotic arms 
performed repetitive tasks that were undesirable to humans [1].  Other arms that were meant 
for following a more complicated pattern were programmed or “taught” by following the 
movements of an operator [2].  Yet, for all of their successes, these commercial robots suffer 
from a fundamental disadvantage – lack of mobility.  A fixed manipulator has a limited range 
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of motion that depends on where it is bolted down.  In contrast, a mobile robot is able to 
travel throughout its environment [3]. 
 
Mobile and autonomous robots also began with relatively primitive platforms.  Most were 
designed to perform tasks within a very narrow scope.  A famous example of this is the 
Stanford Cart.  Developed at Stanford University in the 1970’s, this robot was capable of 
following a painted white line.  A prototype vision analysis system was also developed, 
allowing the robot to navigate a 30-meter obstacle course autonomously.  However, the time 
required to complete this task was over five hours [4]. 
 
Much advancement in mobile robotics was spearheaded by the National Aeronautics and 
Space Agency (NASA).  One important application was the Mars Viking Landers.  
Developed by Jet Propulsion Laboratories, they had a 6000 word memory [5].  Recently, the 
Mars Exploration Rovers have successfully used autonomous navigation to much more 
effectively conduct remote research on Mars [6]. 
 
Some of the most sophisticated autonomous mobile robots compete in the Defense Advanced 
Research Projects Agency (DARPA) Challenge [7].  This challenge features autonomous 
ground vehicles that conduct simulated military supply missions in a mock urban area.  They 
not only aim to be able to navigate and drive across open and difficult terrain form city to 
city, but also to navigate and operate in traffic. 
 
The field of robotics has, and is, advancing at an extremely rapid pace.  Every successive 
generation sees great improvements.  This sophistication in robotic platforms occurs in 
tandem with the advancement of microcontrollers, sensors, and motion devices. 
 
Inspiration for locomotion can come from any number of sources.  Existing machines and 
vehicles could be used or copied.  Most of these result in wheeled platforms.  There are four 
basic wheel types: standard, castor, Swedish, and spherical [3] (shown in Figure 1).  Each has 
its own advantage and can often be used in combination, depending on the application. 
 
 
Figure 1: Wheel Types [3] 
 
Wheeled vehicles have been shown to have many advantages.  They are extremely fast and 
efficient on flat surfaces, and are easy to design and build.  A large amount of wheel vehicle 
analysis is available.  Motion control is of specific importance when developing a wheeled 
robotic platform.  There are two major types of controlled vehicle motion using wheels – skid 
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steering and explicit steering.  Skid steering is accomplished by creating a differential 
velocity between the inner and outer wheels.  Explicit steering is accomplished by changing 
the heading of the wheels to cause a change in the heading of the vehicle [8].  While skid 
steering uses one less degree of freedom (DOF) for each wheel, it also must use a 
tremendous amount of energy to overcome the force created by scrubbing.  Explicit steering 
can also be much more complex, especially when performing trajectory analysis [9]. 
 
Another subset of wheeled vehicles that is much better for “off-road” conditions are tracked 
vehicles.  Tracked type locomotion has good terrain adaptability.  Like a tank, tracked robots 
have superior mobility over uneven terrain and harsh natural conditions [10].  The drive 
systems are also relatively simple to implement because they usually contain only one DOF.  
However, in the “robot world” skidding has a severe disadvantage because of the negative 
effect it has on odometry.  When the tracks skid, they are not tracking the robot’s exact 
movements.  Since odometry is significant for position determination, skid-steer is not 
commonly used on robots with sparse sensing that require accurate position determination 






Figure 2: a) Biped Robot [13]; b) Quadruped Robot [14]; c) Hexapod Robot [15] 
 
A common form of locomotion for robotic projects is walking.  This form of locomotion is 
usually created to mimic nature.  Two legged mammals, four legged reptiles, or six legged 
insects are the most common forms.  Generally speaking, the fewer the legs, the more 
complicated the locomotion.  Figure 2 shows examples of previously developed walking 
robots.  For static walking, six legs are required, since fewer legs would require some form of 
balance [3].  
 
If implemented properly, walking robots can be good at maneuvering over irregular terrain.  
However, these robots are extremely hard to control and can be very complex.  Most require 
a continuous feedback loop to maintain balance.  Autonomous dynamic adaptation capable of 
coping with an infinite variety of terrain irregularities still remains largely unsolved.  Unlike 
modern robots, animals show marvelous abilities in autonomous adaptation.  A great deal of 
research has been done in an attempt to mimic this autonomously adaptable dynamic walking 
using a neural system modeled after living creatures [12].  Navigation can also become an 
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extremely difficult because of the large number of individual movements needed to take each 
step. 
 
Although the majority of robots use some form of rolling or walking for locomotion, there 
are many other ways to get form place to place.  Hopping can be used to overcome obstacles 
much larger than the robot itself, but has problems with energy storage and absorption that 
must be overcome [16].  Crawling, sliding, and slithering have also been examined in detail.  
The snake’s “serpenoid curve” motion is usually modeled and mimicked in an attempt to be 
able to climb a hill, wind up a tree, or move through other ill-conditioned environments [17].  
Other robots designed for use in underwater environments employ different forms of 
swimming.  When designing robotic platforms, environmentally specific locomotion can be 
used for unique environments.  
 
Combining multiple individual forms of locomotion into one hybrid platform can be very 
appealing for many reasons.  Each type has its own advantages and disadvantages.  When 
combined, the collective locomotion outcome can minimize the disadvantages, while 
simultaneously maximizing the advantages.  Although there are any number of different 
combinations, for the purposes of this thesis, the focus will be on wheel-legged locomotion. 
 
 
Figure 3: Shrimp III [18] 
 
Many of the hybrid wheel-legged robots that already exist use a passive (not actively 
controlled) form of suspension to help overcome large obstacles.  Sophisticated chassis 
kinematics can optimize the contact between the ground and all wheels.  The ability to 
passively adapt to various terrains allows hybrid platforms to roll over obstacles much larger 
than they would with wheeled locomotion alone [18].  Figure 3 shows a robot named Shrimp 




Figure 4: Wheeleg [19] 




Another form of wheel-legged hybrid locomotion is to separate the wheels and legs.  This 
category has been designed to investigate possible applications that are for humanitarian 
purposes or for the exploration of unstructured environments.  The Wheeleg robot (shown in 
Figure 4) was designed with two rear wheels and two front legs.  The main idea was to use 
rear wheels to carry most of the weight of the robot, and front legs to improve the grip on the 




Figure 5: a) Walk’n Roll [22] and b) WorkPartner [23] 
 
A very robust way to enhance the locomotion performance of mobile robots is to use actively 
articulated locomotion systems.  Many of these systems use actively actuated legs with 
wheels on the end of each.  This combines legged locomotion’s high adaptability for rough 
terrain with wheeled locomotion’s speed and efficiency.  One such robot, called Roller-
Walker, uses passive wheels on legs, giving the option to either use pure walking or to 
“skate” on flat surfaces [20].  Other robots that drive their wheels can use their legs as a way 
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to enhance stability.  When traveling on an irregular slope or uneven terrain, the legs can be 
actuated to prevent the platform from tipping [21].  Two other robots that effectively used the 
combination of wheels and legs are Walk’n Roll [22] and WorkPartner [23] (shown in Figure 
5).  The former is a small machine built for testing purposes in the lab, while the latter is a 
large machine designed for urban outdoor environments. 
1.3 Scope 
This thesis consists of an investigation of a hybrid locomotion, variable-terrain robotic 
platform that combines the benefits of both walking and rolling.  A fully functional system 
will be designed, built, and tested.  All aspect of the platform will be characterized, and the 
benefits of hybrid locomotion will be shown.  The robotic platform will be referred to as 
HAL, short for Hybrid Autonomous Locomotion. 
 
In an effort to keep the scope manageable, it was decided to clarify the focus.  Little 
emphasis will be given to true autonomous navigation.  However, HAL will have the ability 
to function without human interaction (no tether or remote control).  The robot will not have 
an overly complicated motion algorithm or set of sensors to make decisions.  HAL will also 
be designed to function in a controlled environment.  It will not be intended for use outside of 






Figure 6: HAL – a) Front View with Legs Down; b) Side View with Legs Up; c) 
Isometric View 
 
HAL is designed as a hybrid locomotion quadruped.  It has four legs, each with four DOFs, 
giving 16 for the robot as a whole.  Each leg has a wheel located on the end, giving it the 
ability to perform pure rolling.  The legs are designed in such a way as to be able to actuate 
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individually for pure walking.  When combined, the benefits of hybrid locomotion can be 
demonstrated and evaluated. 
 
 
Figure 7: Functional Decomposition of HAL 
Figure 7 shows the function decomposition for HAL.  Although each subsystem will be 
examined in much more detail later in this thesis, a brief overview is appropriate here.  Since 
HAL is designed to be semi-autonomous (no tether), it is independent of any external sources 
of power or control.  Everything is self-contained, meaning no tethers are necessary.  There 
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are no inputs (excluding sensor data) to the system.  The only output present is HAL’s 
mechanical motion. 
 
The control system consists of five microcontrollers.  There are four used to control the legs 
– one for each.  One central microcontroller is responsible for coordinating the entire 
platform.  A variety of sensors and feedback loops are used to give HAL the ability to keep 
stable, verify motion, and interact with its surroundings.  These sensors are located 
throughout and have different purposes.   
 
HAL is designed to go over a multitude of different terrain scenarios.  It takes little 
imagination to envision a scenario in which one side of the robot would be so much higher 
than the other would result in tipping.   Therefore, a sensor was needed to make certain 
HAL’s chassis is level at all times.  If the central microcontroller realizes the platform was 
not stable in either of the two axes, it will send a signal to the appropriate legs to move in 
such a way as to make it level.   
 
To fully characterize the system as a whole, some form of power usage measurement is 
essential.  Since the voltage being supplied remains virtually constant, a method for 
measuring the current draw will quantify the power.  This is easily shown using the electrical 
power equation, where P is power in Watts, V is voltage in Volts, and I is current in 
Amperes:  
 VIP =  (1.3.1) 
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Another important factor when keeping the platform stable is ground contact.  Keeping the 
base level is not enough if all four wheels are not on the ground.  It would also be helpful, 
when creating motion algorithms, to have a method for determining if a leg had completed its 
motion and returned to the ground plane.  To accomplish this, an input was added to each leg 
that confirms ground contact. 
 
Although advanced object detection and avoidance is beyond the scope of this project, it is 
necessary to determine when something gets in HAL’s path.  Simple sensors (discussed later) 
are attached to not only determine when an obstacle is present, but also to tell if it has been 
cleared.  Ideally, HAL will only raise his legs as high as they would need to go when going 
over obstacles such as steps. 
 
Position sensors are also needed on each joint for multiple reasons.  Feedback is very 
important to be able to move each limb with precision.  Ideally, these sensors will also help 
move the wheels at a specific desired constant speed.  Synchronization is impossible without 
some sort of feedback. 





After it was decided HAL would be a quadruped with wheels, the next step was to determine 
the specifics about how the legs will function.  One of the goals of this project is to create a 
robot that can not only perform hybrid locomotion, but also do pure walking and pure rolling.  
The legs also need to be strong and robust to be able to hold the entire weight of the robot 
and other future payloads.  As with all of HAL’s components, cost and ease of manufacturing 
are high on the list of needs. 
3.2 Concepts 
Since legged robot locomotion is not a novel idea in and of itself, performing benchmarking 
is necessary.  The most basic function of a robot legs is to raise and lower the feet off the 
ground.  After researching the subject, it was determined that there are currently three 






Figure 8: Leg Examples – a) Kydonas [24]; b) Wheg [25]; c) Typical Retail Leg [27]; d) 
Robot III Leg [25] 
 
The first, most simple category consists of a single vertical linear actuation.  An autonomous 
robot named Kydonas (shown in Figure 8) successfully used this leg design and was able to 
travel over small height obstacles [24].  Kydonas used wheels on each leg to move, and did 
not have the ability to walk without rolling.  If a second “hip” joint was used on each leg, 
pure walking could be achieved. 
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Another, more unorthodox type of legged motion is “spoked appendages.”  Researchers at 
the Case Western Reserve University Biorobotics Laboratory developed a robot they named 
Whegs (shown in Figure 8).  Whegs has six tri-spoked motors and nominally walks in a 
tripod gait.  This one drive motor per leg design is beneficial because the maximum onboard 
torque can be delivered to any leg.  Whegs was shown to have the ability to climb over a 
large number of different obstacles [25]. 
 
The final, most typical form of legged locomotion is the classic jointed approach.  There are 
a vast number of robots that use this type of walking.  Some are extremely simple, while 
others are very complex mechanisms.  To have the ability to walk, these legs can have as low 
as one DOF.  Although they most typically have two DOF, some have much more.  A cricket 
inspired robot named Robot III (shown in Figure 8) has five DOF in each of its six legs [25]. 
 
There are a vast number of methods for actuating individual portions of a robot’s legs.  The 
most common seems to be DC motors.  Simple hobby servos are used for a large number of 
prototypes and retail robots.  Other methods for moving joints include pulleys, cables, 
pneumatic or hydraulic actuators, linear actuators, synthetic muscles, or even electroactive 
polymers – usually on microrobots [26]. 
3.3 Design 
HAL’s legs are designed using the classic jointed approach.  A motor attached to a wheel at 
the end of each leg provides four wheel drive.  In order to make the locomotion as robust as 
possible, it was decided to have individual steering for each wheel.  This four wheel steering 
gives HAL the ability to turn with a zero turning radius, and also to drive in any two 
dimensional vector from any instantaneous location.  Traditional two wheeled differential 
steering is also an option, which utilizes much simpler trajectory planning, generation, and 
analysis. 
 
The two previously mentioned joints give HAL traditional rolling locomotion.  To achieve a 
traditional form of walking locomotion, another three joints are needed on each leg.  These 
three joints split the tasks of raising and lowering the leg and rotating the shoulder. 
 
 
Figure 9: Working Model Proof of Concept 
 
With the style of hybrid locomotion being used, it is necessary to keep the wheel orthogonal 
to level ground.  One solution to this problem is to incorporate a fifth, powered elbow joint.  
However, a more simple and elegant solution was developed that called for a four bar 
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mechanism.  This is designed into the leg to eliminate the need for the elbow motor, which in 
turn greatly simplifies the system as a whole.  A two dimensional analysis tool named 
Working Model was used to perform a proof of concept on the four bar mechanism, shown in 
Figure 9.  After modeling the basic structure, a virtual motor was added to show the motion 
of the leg, and later used to ensure the motor is powerful enough to actuate the leg. 
 
 
Figure 10: Leg Prototype 
 
After a basic design was determined, a prototype was needed to prove it would provide all 
necessary functionality.  Figure 10 shows a prototype that was built using hobby continuous 
servo motors and cardboard.  The servo motors could be actuated to show the movements of 
all four joints.  




Ease of manufacturing and low cost were imperative to successfully creating working legs.  
All machining needed to be done in the Rochester Institute of Technology Department of 
Mechanical Engineering Machine Tool Laboratory.  The laboratory had a wide range of tools 
and machines.  The ones specifically used to create the legs were the end mills, speed lathes, 
band saw, drill press, belt sander, and various hand tools.  
 
 
Figure 11: Leg – Mechanical Only 
 
Aluminum was chosen as the material to build the leg components, due to its low weight, 
high specific strength, low cost, and ease of machining.  To keep the legs as efficient as 
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possible, small flanged ball bearings were specified and used at each joint, as well as small 
thrust ball bearings on the steering joints.  The purpose of these bearings is two fold: 1) they 
greatly reduced the friction of each joint; and 2) they prevented large transverse and/or axial 
loads on the motor output shafts. 
 
The design incorporates many ideas to simplify the assembly and disassembly of the robot.  
E-clips are used throughout to hold all shafts axially.  They are easy to implement, but more 




Figure 12: Leg Stress Analysis 
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The areas of greatest concern for possible mechanical failure are shown in Figure 12.  The 
equations in this section are taken from a machinery handbook [28].  Each segment was 
intentionally investigated using slightly unrealistic worst case assumptions.  These 
assumptions will be discussed for each area individually. 
 
The right angle formed where the turning motor connects to the “foot” is the first area to be 
analyzed.  There is some elastic deformation that occurs at the angle, effectively reducing the 
stress on the segment in question.  However, to simplify the analysis, it is modeled as a 
simple cantilever beam that is rigidly fixed at the angle.  The resulting calculated stress will 
be higher than that actually experienced by the member – giving a good worst case scenario.  






=σ  (3.5.1) 
Where σmax is the maximum stress, W is the load, l is the length, and Z is the section modulus 
of the cross-section of the beam.  Z is determined by taking the quotient of the moment of 
inertia of the cross-section from the distance between the neutral axis and extreme fiber.  For 
a rectangular beam with a given width (b) and height (d), Z is: 
 
6
2bdZ =  (3.5.2) 
Since the approximate weight of HAL is calculated as 15 lbs and the worst case scenario 
would have three legs contacting the ground, W can be assumed to be 5lbs.  Inputting the 
appropriate values into Equation 3.5.1 results in a maximum stress of 0.80 ksi.  Knowing that 
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the yield strength of the aluminum (6061) is 21 ksi [27], a factor of safety of 26 can be 
shown. 
 
The next area of possible concern is the stresses exerted on the aluminum bar (6061) that 
transmits motion from the shoulder to the elbow joint.  The same worst case assumption is 
made about the type of loading, as in the previous calculations.  It is further assumed that all 
of the weight is held by the single bar attached to the worm-gear, and that the elbow forms a 
right angle.  Therefore, Equations 3.5.1 is also used to determine the maximum stress.  This 
value comes out to 3.50 ksi, a factor of safety of 6. 
 
The final possibly problematic area is the shoulder joint.  The circular rods holding the bars 
that transmit motion form the shoulder to the elbow make up the weakest part of the entire 
subsystem.  The design has the aforementioned bars bolted directly to the worm-gear.  
Because of this, and the fact the rods are free to rotate because of bearings on each 
attachment, there is no torsion experienced by the rods.  The only force present is the normal 
force from HAL’s weight.  Figure 12 shows the loading conditions.  For this type of loading, 





=σ  (3.5.3) 
The section modulus of the cross-section of a cylindrical beam is: 
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3dZ π=  (3.5.4) 
Where d is the diameter of the rod. 




The resulting maximum stress is 0.61 ksi.  The rods are made with the same type of 
aluminum as the rest of the leg, giving a factor of safety of 35. 
 
The calculations presented in this section show the safety of HAL’s legs.  Even under harsh 
worst case conditions, safety can be assured.  The worm and worm-gear combination is 




Figure 13: Total Leg Stroke 
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The leg is able to move freely about all four DOF.  Figure 13 shows the total stroke of each 
leg, which is approximately twelve inches – the total length of the ruler shown.  That means, 
when operating with hybrid locomotion, HAL should be able to get over objects under 1 ft 
tall.  More analysis involving HAL’s legs will be given later on in this document. 
3.7 Conclusion 
The legs are successfully designed and built to be able to perform wheeled rolling 
locomotion, limited legged walking locomotion, and hybrid rolling/walking locomotion.  
They are able to efficiently and effectively move about all necessary DOFs.  No problems 
were encountered when trying to carry loads on flat surfaces. 
 
The biggest issue with the current leg design is stability.  The elbow joint was originally too 
loose, causing problems with HAL’s steadiness.  A slight modification, which included the 
addition of another piece of aluminum plate to the elbow, significantly reduced the 
instability.  Even after that fix, there is still too much slack in the entire leg system, creating 
problems with pure walking.  
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4 Motor Selection 
4.1 Needs 
After doing a feasibility analysis of all the different joint actuation options, it was decided to 
use a motor.  Since alternating current (AC) is not common place in robotics and is much 
harder to implement, direct current (DC) was chosen.  AC motors are also very hard to use 
where speed control is needed.  It was decidedly beneficial to have identical motors.  This is 
helpful for ease of design, construction, and also for controlling the robot.  If all motors 
perform the same, the time associated with coding and testing will be reduced.  The motors 
reaction to power electronic signals remains constant throughout all of HAL’s systems.   
 
There are many factors that must be taken into consideration when trying to choose the most 
optimal motors for HAL.  An exhaustive search was performed to find the best choice.  All 
types of DC motors were researched, including brushed, brushless, stepper, spur gear-head, 
planetary gear-head, and servo.  The criteria used to choose a motor is listed below: 
 
1. Cost: With four motors per leg, and four legs total, the price associated with buying 
and shipping sixteen motors can easily become significant.   
2. Torque and Weight: The ratio of weight and torque is the overriding factor.  The 
motor responsible for shoulder abduction needs to have a large enough stall torque to 
be able to lift an entire leg.  Since the largest percentage of leg weight belongs to the 
other three motors, the weight had to be as small as possible.  The manufacturer’s 
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values given for torque and weight were inputted into the leg Working Model 
simulation (Figure 9) previously discussed to ensure successful operation. 
3. Voltage and Current: The voltage and current ratings have to be within a range 
feasible for commercially available batteries.  Robotics retail and hobby web sights 
are the best for finding motor and battery combinations for relatively low cost. 
4. Strength: The strength of the motor shaft and the ability to withstand axial and 
transverse loads is important.  Some smaller plastic servos were immediately 
eliminated because of their low strength ratings. 
5. Position Control: Being able to actively track the position of each motor is imperative 
to coordinating the operation of HAL’s systems.  While stepper motors are very 
appealing in this sense, they are lacking in many other areas.  For other types of 
motors, providing an encoder output shaft is a huge advantage, and is outlined later in 
this document. 
6. Speed: The angular speed, usually rated as revolutions per minute (RPM), is not a 
deciding factor.  Most of HAL’s joints require small precise movements where the 
typical DC motor would never get close to full speed, or even 50% duty cycle. 
4.2 Design 
Simultaneous to searching for the ideal motor to meet all necessary criteria, it became 
necessary to design a way to give the shoulder abduction motor a further mechanical 
advantage.  It became obvious early on in the motor search that no motor combination can 
give the torque required to effectively raise and lower the leg.  A secondary problem is the 
ability to manually drive the motors with the output shaft when they are not active.  This 
means the legs would sag due to the weight of the chassis, if not actively held in place.  
Actively holding the shoulder joint would use a significant amount of energy, as well as a 
complicated control system. 
 
 
Figure 14: Preliminary Leg Sketch Showing Motor Positions 
 
After looking at several different methods for gaining a mechanical advantage (i.e. gear, belt, 
pulley, and lever combinations), a worm and worm-gear combination was chosen.  The most 
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cost effective combination gave a gear ratio of 30:1.  Unlike ordinary gear trains, the 
direction of transmission is not reversible on the worm-gear.  This eliminates the possibility 
of the output driving the input, and is said to be “self-locking” [29].  The shoulder abduction 
joint will only move when desired and driven by the control system.  Figure 14 shows the 
preliminary sketch created during the design process.  This sketch was important in 
determining the layout of the motors, and also shows the placement of the worm and worm-
gear.  A photograph of the final shoulder abduction system is shown in Figure 15.  Alignment 
of the gears was tricky during the building process, as well as determining the best way to 
attach the components to the shafts.  Pins were chosen over set screws because of their ability 
to hold larger loads, and because they eliminate the problem of slipping. 
 
 
Figure 15: Shoulder Abduction Worm and Worm-gear 




The motor that was finally chosen for all sixteen joints was a spur gear-head motor.  It is a 
7.2V motor, with 50:1 gear-head ratio, no load RPM of 175, and stall torque of 99.04 oz-in 
[30].  With a weight of only 119g, the ratio of torque to weight is comparatively higher than 
the vast majority of other motors.  More specifications are given in the appendix.  One of the 
most desirable aspects of this motor is the existence of a second output shaft, specifically 
designed for use with an encoder.  This shaft is connected directly to the motor armature, 
giving a very fine resolution for the highly geared-down output shaft. 
 
 
Figure 16: Selected Gear-motor [30] 
 
Mounting the motors on the robot is not a trivial task, due to the complicated mounting 
pattern and the off-center output shaft (Figure 17).  All of the holes drilled for the screws and 
bearings must be within tight tolerances to ensure proper alignment.  A hub had to be 
specially modified to attach the wheels to the driving motors. 
 




Figure 17: Gear-motor Dimensions and Mounting Pattern (mm) [30] 
4.3 Analysis 
4.3.1 Stress 
An analysis was performed to ensure the worm and worm-gears will be able to handle the 
forces that will be exerted on them.  Because worm teeth are inherently much stronger than 
worm-gear teeth, they will not be considered in the stress analysis. 




Figure 18: Worm and Worm-Gear Mesh [31] 
 
The following equations are based on information given in a mechanical engineering design 
text book [31].  Variables with a subscript of “W” are those related to the worm, and those 
with a subscript of “G” are related to the worm-gear.   
 
First, the tangential diametrical pitch (Pt) must be determined.  This can be found knowing 
the total number of worm teeth (Nw), given as 7 teeth, and the total lead length (Lw), given to 





NP =  (4.3.1) 
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This yields a tangential diametrical pitch of 10.18 teeth/in.  The axial pitch (Px) can then be 




P π=  (4.3.2) 
The normal circular pitch (Pn) is related to the axial pitch and lead angle (λ), using: 
 )cos(λxn PP =  (4.3.3) 
The normal circular pitch is calculated to be 0.308 in. 
 
The next step is to solve for the magnitude of the gear transmitted force (WtG), which is 
related to the output horsepower (Ho), the application factor (Ka), the tangential speed (VG), 







t 33000=  (4.3.4) 
To calculate the tangential speed, the angular speed must first be determined.  The motor 
characteristic curves, provided by the manufacturer in Figure 22, can be used to find the 
worst case speed for raising the leg.  The angular speed of the worm-gear is related to the 
torque needed to actuate the leg, in order to raise the robot.  Since the approximate weight of 
HAL is calculated as 15 lbs and the length of the first leg segment is 7.25 in, the torque 
needed to raise a worst case load (3 legs contacting ground) is 36.25 in-lbs.  Dividing by the 
mechanical advantage of 30 and converting to the units given on the curve, the torque at the 
gear-motor is 1.40 kg-cm.  Finding this value on the RPM curve gives an angular speed (n) 
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of about 140 RPM for the worm and 4.67 RPM for the worm-gear (using the 30:1 gear 
reduction). 
 
The tangential speed of the worm-gear can simply be found, knowing the angular speed and 
the pitch diameter (d). 
 GGG dnV =  (4.3.5) 












=  (4.3.6) 
Where f is the coefficient of friction and Φn is the pressure angle.  While the pressure angle is 
given as 14.5˚, the coefficient of friction must be determined.  The American Gear 
Manufacturers Association (AGMA) reports the coefficient of friction as: 






















The sliding velocity (VS) must now be calculated to determine the proper equation for the 







ndV ⋅=  (4.3.8) 
This equation results in a sliding velocity of 16.1 ft/min.  Looking at Equation 4.3.7, the 
coefficient of friction is given by the third equation, and is 0.0821.  Inserting the values from 
Equation 4.3.7 and Equation 4.3.8 into Equation 4.3.6, results in an efficiency of 45.5%. 




The output horse power is defined using torque (T) and angular velocity [32].  For the worm-





=  (4.3.9) 
Since the character of the prime mover is uniform and the character of the load on the driven 
machine has light shock, a design factor of 1 and an application factor of 1.25 are used.  
Inserting this and the values found in Equation 4.3.5 - 4.3.9 into Equation 4.3.4, the gear 
transmitted force is 212.5 lbs. 
 




















Where d0 is the worm outside diameter, a is the addendum, and c is the clearance.  Since the 
axial pitch is greater than 0.16 in, the face width is 0.625 in. 
 
The stress experienced by the worm-gear teeth (σG) can now by solved.  Buckingham 







G =σ  (4.3.11) 
The value of y is a function of the pressure angle, and is given as 0.100.  The stress is found 
to be 11.0 ksi for the worst case scenario.  With a yield strength of 40 ksi for the worm-gear 
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brass composite, the factor of safety is 3.6.  This means the worm and worm-gear 
combination should be able to easily handle all stresses acted on them during testing. 
4.3.2 Kinematics 
 
Figure 19: Ramp Free Body Diagram 
 
To determine if the motors are powerful enough to drive HAL up a ramp, a kinematic 
analysis was performed.  Figure 19 physically illustrates the properties used.  Assuming there 
is no wheel slip, no vehicle acceleration, and T is the stall torque of the motor:   
 
R
TFm =  (4.3.12) 
 )sin(θgm FF =  (4.3.13) 
Combining equations 4.3.12 and 4.3.13 and solving for θ will give the maximum ramp angle 
HAL will be able to drive up using rolling locomotion. 














T1sinθ  (4.3.14) 
The stall torque (T) is given by the manufacturer to be 99.04 oz-in, the radius of the wheels 
(R) is 1.875 in, and the total weight of HAL (Fg) is measured to be 15.4 lbs.  Substituting 
these values and multiplying the stall torque by four (four wheel drive) results in a maximum 
ramp angle (θ) of 59.0˚.  This shows the motor selected has more than enough torque to go 
up any reasonable ramp.  The wheels would likely slip well before a drive motor would stall. 
4.3.3 Scrubbing 
Next, the steering motor needed to be analyzed to ensure it has enough torque to overcome 
the friction due to wheel scrubbing.  Scrubbing resistance is the torque required to twist a 
wheel around its vertical axis.  During steering, a wheel is scrubbing against the surface it is 
rolling over.  Scrubbing torque can be calculated by integrating the frictional force elements 
over the entire contact patch between the wheel and the ground.  This calculation is difficult 
because of the shape of the contact patch and the pressure distribution that can be determined 
using the Hertzian contact model that is a function of the load, the compliance, and the 
profile of the wheel.  Nevertheless, this torque will be estimated based on assumptions made 
about the contacting patch and pressure distribution.  The following model is based on work 
done at Massachusetts Institute of Technology [34]. 
 




Figure 20: Wheel Scrubbing Diagram 
 
Assuming a simple rectangular pressure distribution for the wheel, as shown in Figure 20, the 









222βμ  (4.3.15) 
Where β is the correction factor, which is 0.3 assuming the pressure is evenly distributed.  
The coefficient of static friction (µ) is estimated to be approximately 0.8, after reviewing the 
ASTM D-2047 standard used for the Federal Standard for Floor Friction [35].  The wheel 
radius and weight used to calculate the normal force (assuming even distribution over all four 
wheels) are the same as those used in equation 4.3.14.  Since the deformation of the wheel is 
5%, b is assumed to be 0.3R [34]. 
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Inputting the variable values into equation 4.3.15 yields a scrubbing torque of 0.58 in-lbs.  
The motor stall torque, which is 6.19 lb-in, is over ten times the value needed to overcome 
the estimated static friction.  Therefore, there are no foreseeable problems with the steering 




Figure 21: Dynamometer Test Setup 
 
Although the manufacturer provided motor characteristic curves, it was deemed prudent to 
confirm the data.  A test was run with an electric motor dynamometer that is calibrated up to 
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27 in-lbs.  The setup used is shown in Figure 21.  The dynamometer (manufactured by Lab-
Volt) was used to measure the gear-motor output torque, the motor was powered by a NiMH 
battery pack (GP TC204; 7.2 V and 3300 mAh), the current was measured using a 
multimeter (Jameco BP-1562), and the speed was derived using an oscilloscope (Tektronix 
TDS2012; 100 MHz) that read incremental encoder output frequencies. 
 
Once the data was collected, a few mathematical operations were needed to calculate the 
variables used in the equations depicted in Figure 22.  The motor RPM was determined using 
the encoder frequency (f) and dividing by the known number of counts per revolution (N) of 
the output shaft. 
 
N
fRPM =  (4.4.1) 
The motor mechanical power (Pm) was calculated by multiplying the torque (T) by the 
angular velocity (ω).   
 ϖ⋅= TPm  (4.4.2) 
The efficiency (eff) was then determined by dividing the electrical power (given in Equation 
1.3.1) by the mechanical power (Pm).   
 
mP
IVeff ⋅=  (4.4.3) 
The results are shown in Figure 22. 
 




Figure 22: Dynamometer Experimental Results Superimposed with Manufacturer’s 
Data [30] 
 
The torque shown on the x axis of Figure 22 is given by the manufacturer in units of kg-cm.   
This unorthodox use of kilograms as force is assumed to be equivalent to the mass in 
kilograms multiplied by the acceleration due to gravity.  The acceleration due to gravity is 
further assumed to be 9.80665 m/s2, resulting in a relationship of 1kg-cm being equivalent to 
0.80665 N-cm.  To simplify the analysis and discussion, this torque convention is used 
throughout this document. 
 
The results of Figure 22 show that the motor specifications provided by the manufacturer are 
slightly better than those determined experimentally.  While the curves follow the same 
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pattern, the experimental results are all approximately 10% lower.  These losses are likely 
caused by energy escaping due to an imperfect connecting system between the motor and the 
dynamometer.  Unfortunately, the dynamometer was unable to stall the motor, and reading 
could only be taken up to 4.5 in-lbs. 
4.4.2 Efficiency 
Once HAL was built and running, the actual efficiency of the entire system that raises and 
lowers the leg could be evaluated.  Since the motor responsible for shoulder abduction can 
not be rotated continuously while installed, another method must be used.  Knowing that the 
voltage remains constant, the torque constant can be used to determine the loss in efficiency.  
The torque constant is defined as the amount of torque the motor produces at a given level of 
current consumption [36].  Since the current versus torque is linear, a constant relationship 
can be derived.  Using the experimental data collected, a linear trend line was added to the 
current values (Figure 23).  This trend line gave a torque constant of 0.426 A/kg-cm. 

















Figure 23: Motor Torque Constant Trend Line 
 
To determine the torque constant for the shoulder abduction motor, HAL was suspended and 
held by the chassis.  The leg was raised using the same velocity as that used for the 
dynamometer test.  The torque was calculated by determining the moment of the leg by itself.  
The mass of the motor and encoder combination was measured to be 129.6 g, and the mass of 
the wheel and hub combination was measured to be 120.1 g.  The remaining mass to be lifted 
can be attributed to the aluminum pieces.  These mass (m) values can be calculated knowing 
the material density (ρ) and volume (v) by using the following equation: 
  vm ⋅= ρ  (4.4.4) 
The masses must then be multiplied by the length of the lever arm (l) to determine the torque 
(T) required to lift the leg. 
 lmT ⋅=  (4.4.5) 
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The resulting torque (T) is 5.69 kg-cm.  The current (I) required to lift the leg was 




=τ  (4.4.6) 
The torque constant for the entire leg raising and lowering system is 0.193 A/kg-cm.  The 
efficiency of this system can then be calculated by taking the ratio of the torque constant 
determined by actuating the leg (0.193) to the torque constant determined using the 
dynamometer (0.426); which comes out to 45.3 % efficient. 
4.5 Conclusion 
All sixteen motors on HAL have performed their function successfully.  The worm and 
worm-gear combination used for shoulder abduction provides sufficient torque to raise the 
leg and to carry the weight of the entire robot.  Although the efficiency of the entire leg 
raising and lowering system is below 50%, it is far from uncommonly low for worm-gears 
[29].  This value is likely significantly reduced because of the added support needed to keep 
the legs steady.  The original design had much less friction, but there was too much slop (free 
play in the mechanical system) present. 
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5 Position Feedback 
5.1 Needs 
Position feedback is very important to HAL’s locomotion.  Since the torque experienced by 
each motor constantly varies, without feedback, there is no accurate way of telling how far a 
joint has moved.  For successfully controlled locomotion, every movement has to be precise.  
Even when the motor is not energized, it is imperative to have a method for determining if a 
joint is moved due to outside forces.  The relative position of each leg needs to be constantly 
updated. 
 
Future work involving HAL may also include the need for mapping or global position 
sensing of the platform as a whole.  Feedback on distance traveling, and in which direction, 
could make this possible. 
5.2 Concepts 
A large amount of research and testing has been done on robot position sensing.  The most 
common methods, where motors are involved, use some sort of rotary displacement sensor.  
These sensors can come in many forms.  Potentiometers are rotary variable resistors, whose 
resistance increases or decreases as a shaft is rotated.  Most are not designed for continuous 
rotation, and have stops that prevent it from rotating further.  They also have issues with wear 
and give non-linear output.  For these reasons, potentiometers are often not as reliable as and 
harder to implement than other methods. 
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Rotary encoders are probably the most typical method for determining motor shaft position.  
There are two main types of rotary encoders: absolute and incremental.  Absolute encoders 
produce a unique binary code for each distinct angle of the shaft, usually by using a disk with 
a set pattern of light and dark spots.  Incremental encoders also use a disk, but are marked 
with a large number of radial lines – like the spokes of a wheel.  Both types of encoders 
generally have an optical switch that generates an electrical pulse whenever one of the lines 
passes through its field of view [37]. 
 
Hall Effects sensors vary the output voltage in response to changes in the magnetic field 
density.  Frequently, a Hall sensor is combined with circuitry that allows the device to act in 
a digital mode.  They are commonly used in industrial applications in pneumatic cylinders, 
but can also be used on rotary shafts [38]. 
 
There are also many, more novel, approaches to determining robot extremity position.  These 
tend to focus more on the overall location of the leg, rather than the position of each 
individual DOF.  One method uses different forms of inertial navigation that implement 
Newton’s laws of motion.  Position sensing is achieved by utilizing inertial instruments, such 
as accelerometers and gyroscopes [39].  The main drawback is that typically the overall error 
grows with time.  Inertial positioning systems are expensive, hard to implement, and hard to 
program/control. 
 
Research has also been done with tracking robot legs using various forms of visual tracking.  
However, this is not yet a feasible approach for widespread use.  Another hard to implement 
method to improve position control is force control.  A flexible gear system can be designed 
between the motor and load, by which the force on the gear can be measured [40].  This input 
can be used to characterize the robot’s physical interaction with its environment. 
5.3 Design 
The complicated and/or expensive approaches were quickly ruled out for position sensing.  
Since encoders are the most common and simple method for keeping track of shaft position, 
that is the most obvious choice.  The gear-motor that was selected also has a shaft protruding 
from the back, specially designed to attach to an encoder wheel.  While absolute encoders 
would work, quadrature incremental encoders typically have a higher resolution and can be 
used for determining the direction the output shaft is rotating. 
 
 
Figure 24: Encoder on Gear-motor 
 
A quadrature encoder that can be easily implemented and used was selected.  This encoder 
has a wheel containing 120 counts per revolution.  With the 50:1 gear ratio, that gives 6000 
total counts for each revolution of the gear-motor output.  The resolution can then be 
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calculated to be 0.06˚ per encoder count.  The readable incremental change in motor position 
is more sensitive, accurate, and repeatable than the system it is incorporated into.  The 
amount of mechanical slop in the shoulder joint is significantly greater than 0.06˚.  As long 
as counts are not missed, this will give excellent position data. 
 
Another nice feature about incremental encoders is the ability to easily implement speed or 
acceleration control.  The frequency of the counts can be determined and used 
programmatically to decide to increase or decrease the voltage seen by the motor.  This 
provides HAL with the ability to autonomously control all aspects of motion.  
5.4 Theory 
 
Figure 25: Quadrature Encoder Fundamentals [41] 
 
The quadrature encoder uses two output channels (A and B shown in Figure 25) to sense 
position.  The sensors read the code track 90˚ out of phase.  This gives the ability to indicate 
both position and direction of rotation.  If A leads B, the disk is rotating clockwise.  If B 
leads A, the disk is rotating counter-clockwise. 
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A simple way to programmatically use a quadrature encoder to read position and direction is 
through the use of an interrupt.  Channel A can be continuously monitored to count the 
number of pulses outputted by the encoder.  Every time the value of Channel A switches 
from a low to high value, channel B can be checked.  If, at that instant, Channel B is low, the 
disk is rotation clockwise; and a variable can be incremented.  If Channel B is high, the disk 
is rotating counter clockwise; and the same variable can be decremented. 
 
 
Figure 26: Encoder Components 
 
Figure 26 shows the encoder components used on HAL.  The encoder base (labeled “sensor”) 
is a circuit board that utilizes infrared sensors to read the code track light and dark sports.  
This version utilizes an innovative push-on hub disk assembly, meaning no set screw is 
required.  A pre-applied transfer adhesive is used for mounting the encoder base onto the 
motor [42].  The kit also includes a snap-in polarized connector with color coded wires. 
 
With the use of quadrature encoders, “dead reckoning” can be implemented.  Dead reckoning 
is the process of estimating the current global position based upon a previously determined 
position and advancing that position based upon known speed, elapsed time, and course [43].  
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In HAL’s case, the encoders can be used to give data about the movement of each motor.  
This data can be recorded and evaluated to give position estimates for each leg and for the 





Figure 27: Encoder Output 
 
To ensure proper operation, the output of both channels needs to be checked and 
characterized.  Figure 27 shows the output of both channel A and B, as read on an 
oscilloscope (Agilent 54622D; 100 MHz).  Both channels have nice square waves with a 
duty cycle of approximately 50% (high half of the time, and low half of the time).  As 
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expected, the channels are 90˚ out of phase with each other, meaning they can effectively be 
used for determining motor direction.   
 
For this experiment, one of HAL’s wheel motors was run at full speed.  The frequency was 
measured to be 17.30 kHz, which translates to a gear-motor speed of 2.88 RPM.  The period 
of the pulses is 57.80 µs.  The high pulses give a value of 5V, and the low pulses are 0V. 
5.5.2 Steering 
The next test was meant to verify the displacement reading taken from the encoders.  The 
steering motors were used to show that HAL can not only turn a motor to a given position, 
but also track the movement throughout the motion.  A program was written utilizing internal 
data storage, described later in this document.  This provided data in the form of angular 
position versus time. 
 
HAL was programmed to turn a specific steering motor 90˚ counter-clockwise, then 270˚ 
clockwise, and finally 180˚ clockwise back to the starting point.  HAL recorded the encoder 
positions approximately every half second (frequency of 2.007 Hz – due to microcontroller 
limitations).  While this test was being conducted, a video was recorded (Figure 28) with a 
stop watch that was synchronized with the internal clock used in HAL’s data collection.  This 
video can be used as a truth model to determine the effectiveness of the encoders. 
 
 























Figure 29: Steering Encoder Test Run 1 Data 















































Figure 31: Steering Encoder Test Run 3 Data 
 
The comparison of the data collected by HAL and that given in the video can be seen in 
Figure 29 – Figure 31.  The two data series match up very well, with the exception of a small 
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phase shift along the x-axis (time).  This can be explained by operator error when starting the 
stop watching, making the clocks slightly out of sync. 
5.5.3 Dead Reckoning 
Another test was performed at a much broader platform level.  HAL’s dead reckoning 
capabilities were put to the test.  A program was written utilizing internal data storage.  This 
time HAL rolled down a hallway, while simultaneously storing encoder data.  A video 
recording was used in a similar fashion as in the previous test.  The tiles in the hallway were 
used for the global coordinates (shown in Figure 32), and were measured to be 12 in in both 












Figure 33: Dead Reckoning Test Video Screen Shot 
 
The discrepancy between the encoder dead reckoning data and the actually video evidence 
must now be compared.  The first step is to convert the stored encoder rotational 
displacement values into a meaningful form that give the global robot position.  The 
following model is based on work done by a previous Rochester Institute of Technology 
student [39]. 




Figure 34: Robot Model 
 
To simplify the analysis of HAL’s dead reckoning to make it manageable, only the front two 
wheels will be taken into account.  Assuming all four wheels remain parallel with the chassis 
and all four legs remain static, the position of the front two wheels are representative of the 
robot as a whole.  Figure 34 shows the robot model and dimensions that will be used for the 
dead reckoning calculations.  The center of turning (Ct) is a fixed point at the horizontal 
center of the chassis and directly between the centers of the front two wheels.  The distances 
to the left and right wheels (l and r) and the left and right radii (wl and wr) are kept constant.  
The intent here is to track the path of Ct  as the robot moves through its course.  Further 
relationships will now be developed to achieve this goal. 




Figure 35: Incremental Turn 
 
Figure 35 illustrates the path of the robot moving through an incremental turn (dβ).  The 
instantaneous vehicle velocity at the center of turning is given as Vv.  The turning radius (ρ), 
incremental heading change (dΨ), Turning radii (rr and rl), and incremental arc length (dsr 
and dsl) are also shown. 
 
 
Figure 36: Wheel Model 
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The incremental travel angle (dθi) and incremental path distance (dsi) of the wheels is shown 
in Figure 36.  This model assumes no wheel slip.  The subscript i will be replaced with l for 
left and r for right. 
 
By inspection of the geometry in Figure 35, the angles dΨ and dβ are equal.  It can also be 
seen in Figure 35 that the arc length dsl is equal to the radius rl multiplied by the angle dβ, 
which is in turn equivalent to the radius wl multiplied by the incremental angle turned by the 
wheel dθl. 
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Substituting Equation (5.5.1) into Equation (5.5.2) for rl and recognizing that dβ equals dψ as 
stated above, the left wheel equation can be solved for ρ.  





= −  (5.5.3) 
Substituting this expression for ρ in the right wheel part of Equation (5.5.2), then substituting 
the resulting expression for rr back into Equation (5.5.1) and finally solving for dΨ gives: 
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θr,k and θl,k are the respective wheel rotation angles recorded at time step k, and all the initial 
conditions are zeros.   
 
Since the arc length of the wheel path is linearly related to the incremental turning angle dβ 
by the wheels turning radius (rr or rl), the following linear interpolation is made to find the 
value of the distance traveled by the center of turning: 
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Substituting for dsl and dsr from Equation (5.5.1) gives: 
 ( )
( )
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,  (5.5.9) 
The resulting value sk is the linear distance traveled by the robot’s center of turning at time 
step k. 
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Since the encoder data is given as wheel angular displacement values for each time step, 
further calculations must be done to determine HAL’s global coordinates.  It will be 
necessary to utilize Equation (5.5.9) to determine the linear displacement and Equations 
(5.5.5) to determine the angle of that displacement for each reading.  Using the geometry 
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Where Xk and Yk are the coordinates of Ct in the global plane, and Xk-1 and Yk-1 are the 
coordinates from the pervious time step.  The robot moves forward a distance expressed by 
(sk – sk-1), while being oriented at angle Ψk-1.  
 
Two separate runs were conducted to test HAL’s dead reckoning abilities.  The resulting 
position of the center of turning for these tests is shown in Figure 37 and Figure 38.   
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Figure 38: Run 2 Dead Reckoning Test 
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The accuracy of the encoders can be quantified by comparing the total distance traveled (D) 
of the given data in the video with the experimental data taken from the encoder readings.  
This distance can be determined using Pythagorean’s Theorem. 
 22 YXD +=  (5.5.11) 
Equation (5.5.11), for the first run, yields an encoder reading distance of 140.3 in.  The video 
data gives a distance of 146.1 in, a difference of 4.0%.  The second run yields an encoder 
reading distance of 429.5 in and a video data distance of 425.0 in, a difference of only 1.1%. 
5.6 Conclusion 
The encoders fulfilled all of the requirements needed for position sensing.  They are used to 
control all sixteen joints, as well as for accurate dead reckoning.  The data collected and 
presented in the previous section demonstrates the accuracy of the encoders.  This is even 
more impressive knowing that “non-systematic” errors were not taken into account.  Non-
systematic errors are those not predicted in advance, e.g. wheel slippage and floor 
irregularities.  If many of these errors are present, even small ones, they can build up 
extremely quickly – often referred to as “growth-rate” concept [44].  These results show that 
the versatility and robustness of the encoder feedback can be used for future needs. 
 
Even more dead reckoning functionality can be added to HAL in the future.  While all of the 
encoder data was stored internally on the robot itself, it had to have post-processing to be 
usable.  The raw hexadecimal encoder counts were used in a spreadsheet to determine HAL’s 
global coordinates.  This set of mathematic equations could be implemented while running.  
Future work with HAL could incorporate a Coordinate Rotation Digital Computer 
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(CORDIC) system.  The CORDIC system is a simple and efficient way to perform the 
operations necessary for dead reckoning.  CORDIC is an algorithm used to calculate 
trigonometric functions.  It is commonly used if no hardware multiplier is available, since it 
only requires small lookup tables, bit shifts, and additions [45]. 
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6 Power Electronics 
6.1 Needs 
A method for powering HAL’s sixteen motors is essential for giving the ability to move.  Not 
only is battery selection important, but also some way to control the voltage seen by the DC 
motors.  An effective method for varying the voltage has the capability to effectively control 
the speed of each motor.  Reversing the voltage is also imperative for allowing each joint to 
move in both directions. 
6.1.1 Battery 
All of the motors selected run with a maximum voltage of 7.2 V.  This means the battery 
must also be rated at 7.2 V.  The batteries must furthermore be able to handle the maximum 
sustained current draw.  It can be assumed that the worst case current draw would be that if 
all four leg abduction motors were running, but unable to move.  This would mean the 
maximum current is four times the stall current of an individual motor (3.5 A), resulting in a 
value of 14 A. 
 
Some form of rechargeable battery is required.  Non-rechargeable batteries of this magnitude 
are hard to find, and would not be cost effective.  The ease of user operation would also be 
greatly enhanced by a rechargeable battery.   
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The size of the battery is not an imperative specification.  However, the weight could have a 
great effect on the performance of the platform.  The smaller the total payload carried by the 
legs, the better. 
 
The total continuous runtime of HAL for testing purposes is most likely only going to be a 
few minutes at a time.  However, future work may require it to run for prolonged periods.  
An arbitrary battery life specification was selected at one hour.  It was estimated that HAL 
would certainly average less than 2 A continuously for this hour span, giving a needed 
battery rating of 2 A-hrs.  At this rating, even when not being run continuously, the robot 
would only need to be recharged intermittently. 
 
The final, possibly most overriding, factor is the cost.  The cost of the battery must be kept to 
a minimum.  The ideal battery for functionality may be cost prohibitive, and therefore not 
practical.  
6.1.2 Motor Control 
Once the power is supplied, something is needed to control the voltage seen by both sides of 
the motor.  This device must also be able to both control and withstand the current drawn by 
the motor.  These tasks must be able to be controlled with a typical microcontroller output – 
classically 0-5V and up to 25mA. 
 
The speed should be able to be varied with reasonably good resolution.  As mentioned 
before, this speed must also have the ability to be varied both clockwise and counter-
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clockwise.  Finally, like everything else on HAL, the size, weight, cost, and ease of 
implementation are all important. 
6.2 Concepts 
6.2.1 Battery 
There are five main types of rechargeable batteries now in common use for powering 
electronic and electrical equipment: sealed lead-acid (SLA), rechargeable alkaline-
manganese (RAM), nickel-cadmium (NiCd), nickel-metal hydride (NiMH), and lithium-ion 
(Li-Ion) [47]. 
 
SLA batteries are a development of the familiar “flooded” lead-acid battery used for many 
years in cars and trucks.  It has a positive electrode of lead oxide, a negative electrode of 
porous metallic lead and sulphuric acid as the electrolyte.  SLA batteries tend to have a 
relatively poor energy density, but are also the cheapest of the rechargeables.  They are the 
best suited for application where low-cost power storage is the main consideration, and 
weight is not a problem.  Since weight is a major issue in the design of HAL, SLA batteries 
are not suitable for this application [47].  Typical applications of SLAs include emergency 
lighting, solar power systems, and wheelchairs [46]. 
 
RAM batteries use a manganese dioxide positive electrode and a potassium hydroxide 
electrolyte, and the negative electrode is a special porous zinc gel designed to absorb 
hydrogen during the charging process.  The separator is also laminated to prevent it being 
pierced by zinc dendrites.  RAM batteries tend to have a shorter cycle life than other 
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rechargables, especially when deeply cycled.  This makes them mainly suitable for low-cost 
consumer applications where they are subjected to shallow cycling [47].  Typical 
applications of RAM’s include portable emergency lighting, toys, portable radios, cassette 
and CD players, and testing instruments [46].  They are not commonly used in applications 
such as robotics, and are hard to find.  For these reasons, they will not be investigated further. 
 
NiCd batteries use nickel hydroxide as the positive electrode and cadmium metal/cadmium 
hydroxide as the negative electrode, with potassium hydroxide as the electrolyte.  They have 
high energy density and relatively low cost, making them very popular for powering compact 
portable electronics.  However, NiCd batteries suffer from something called the “memory 
effect” – meaning their performance per charge is diminished if they are not completely 
discharged before they are charged.  NiCd batteries can provide very cost effective energy 
storage, and the longest working life of any of the rechargeables.  That is why they are still 
the most popular, despite the appearance of the newer types [47].  Unfortunately, NiCd 
batteries are highly toxic, and must be handled with care and disposed of properly.  Typical 
applications of NiCds include portable tools and appliances, model cars, data loggers, 
camcorders, and portable transceivers [46]. 
 
NiMH batteries use a nickel/nickel hydroxide positive electrode, a potassium hydroxide as 
the electrolyte, and a hydrogen-storage alloy such as lanthanium-nickel or zirconium-nickel 
for the negative electrode.  NiMH batteries have high energy density, but are not as effective 
for deep discharge cycles.  They tend to have a shorter working life.  The main kinds of 
applications where NiMH batteries are most suitable are those which need a very compact 
source of power, yet do not involve deep cycling [47].  Typical applications of NiMHs 
include cellular phones, cordless phones, compact camcorders, laptop computers, personal 
digital assistants, personal digital video disk players, and compact disk players [46]. 
 
Li-Ion batteries have a negative electrode of aluminum, coated with a lithium compound such 
as lithium-cobalt dioxide, lithium nickel dioxide or lithium-manganese dioxide.  The positive 
electrode is generally copper, coated with carbon.  The electrolyte is a lithium salt such as 
lithium-phosphorus hexafluoride, dissolved in an organic solvent such as a mixture of 
ethylene carbonate and dimethyl carbonate.  Li-Ion batteries have an extremely high energy 
density.  However, they are highly reactive and pose an explosion risk with rechargeable 
batteries.  Unlike NiCd and NiMH batteries, Li-Ion batteries are not subject to memory 
effect, and have a relatively low self-discharge rate [47].  One major drawback is the cost, 
which is much higher than other types of rechargeable batteries.  Typical applications of Li-
Ion’s include compact cellular phones, notebook personal computers, digital cameral, and 
very small portable devices [46]. 
 
Table 1: Rechargeable Batter Comparison [46-48] 
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Table 1 shows the comparison of the top three rechargeable competitors.  While charge life 
and operation and storage temperatures are all well above the necessary values, all other 
criteria was taken into consideration.  Table 2 shows a comparison of the current, weight, and 
cost of all three types of rechargeable batteries.  The data was compiled by searching for 7.2 
V batteries from random online retailers.  Figure 39 shows a graph of the data presented in 
Table 2, in an effort to facilitate a better understanding.  
 
Table 2: 7.2V Battery Values 
 
 
Figure 39: Battery Data 
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6.2.2 Motor Control 
Generally, the rotational speed of a DC motor is proportional to the voltage applied to it.  
Speed control is achieved by varying the voltage to the motor by some method.  There are 
four basic components used for controlling a DC motor: commercial motor controllers, 
relays, transistors, or H-Bridges.  All four generally benefit from a microcontroller to provide 
control signals and utilize a secondary power supply for actually driving the motor. 
 
There a vast number of commercial motor controllers for use with DC motors.  There are 
also a large number of ways these controllers are designed to receive signals.  Some use a 
pulse width modulation signal (PWM – explained later), some use serial communication, and 
others use a type of bus communication protocol (e.g. I2C or CAN – explained later).  These 
controllers are usually very reliable and can sometimes be integrated directly to the encoders, 
which could in turn reduce the overhead in the microcontroller.  Although much of the design 
work is already done for the user, commercial motor controllers tend to be large and costly.  
With the large currents that will be drawn by these motors, the use of commercial controllers 
quickly becomes infeasible. 
 
Relays are a cost effective, and a relatively easy to implement, way of controlling the 
direction of a motor.  The most appealing type of relay is a reed relay.  The contacts of a reed 
relay are made of a magnetic material, allowing an electromagnet to act directly on them; 
rather than requiring an armature, like many other types of relays.  Since the moving parts are 
small, reed relays are capable of faster switching than most others.  Switching speed is a very 
important factor when using relays to control the speed of a motor.  Since they only have two 
states, open and closed, they have to pulse at high speeds to effectively control a motor.  
Slow switching could produce significant motor “chatter,” causing unsmooth motion.  While 
reed relays can switch up to several hundred times per second, they can only switch low 
currents – usually in the mA range [49].  Since the motors used on HAL stall at around 3.5 A, 
relays would not be an effective means of controlling their motion. 
 
Individual transistors can be used to effectively control the speed and direction of a motor.  
This would require a minimum of four transistors – two NPN and two PNP.  Since the 
voltage levels and current required to control the motors would be too high for a 
microcontroller, buffers, diodes, and resistors are needed.  Designing an effective circuit 
quickly becomes complicated and costly.  This type of motor control design is commonly 




Figure 40: a) H-bridge Theory; b) Typical H-bridge Schematic [50] 
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Figure 40 shows the basic functionality of an H-bridge.  When the High Side (left) and Low 
Side (right) portions are closed, the motor will turn forward.  Inversely, when the High Side 
(right) and Low Side (left) portions are closed, the motor will turn in reverse.  If all four 
virtual switches are closed, the motor has a high voltage on both sides and effectively brakes.  
Because they use transistors, these virtual switches can be cycled extremely fast; which can 
in turn be used to control the speed of the motor. 
 
Commercial H-bridges are cheaper, smaller, and easier to implement than a “home-made” 
version.  They can have ratings anywhere from the mA range to amperages in the high 
double digits.  Generally, the higher the current rating, the more expensive the H-bridge.  H-
bridges are typical in robotics applications, and a large amount of documentation exists to 
assist the designer. 
6.3 Theory 
A voltage varying process, known as PWM, is the most efficient means by which a DC 
motor’s speed can be controlled.  The only way to control a DC motor’s speed without 
varying the voltage is by controlling its current, which is highly wasteful of energy.  The 
output pins of a microcontroller can only have a high and low state, and an H-bridge can only 
interpret the microcontroller data to switch the battery connection on and off.  This makes it 
impossible to give a motor variable voltage, without including other components.  PWM is a 
relatively simple method to get around this problem. 
 
A suitable control signal can be generated in two ways: via a fixed frequency with a variable 
pulse width (PWM), or through a fixed pulse width with a variable frequency (pulse 
frequency modulation) [36].  The former is the most common way used by a microcontroller, 
since the latter generates many different frequencies and could cause some motors to 
resonate.  The on and off pulses are fluctuated in such a way as to be able to give an average 
voltage that is a fraction of the battery voltage.  Since these fluctuations happen very fast, the 
motor effectively sees the desired constant voltage. 
 
Figure 41: PWM Duty Cycles [51] 
 
Figure 41 shows typical square waves that are produced using PWM, and its relationship to 
pulse frequency and duty cycle.  Obviously, the higher the duty cycle, the faster the motor 
turns.   




Figure 42: PWM Characterization [52] 
 
If we consider a square waveform f(t) with a low value ymin, a high value ymax, a duty cycle 
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Simplifying and assuming ymin is zero gives: 
 maxyDy ⋅=  (6.3.3) 
This shows that the average voltage ( y ) is directly dependent on the duty cycle (D).  This 
simple relationship can be used when programming the microcontroller. 





Using the data from Table 1, Table 2, and Figure 39, a battery type was chosen.  Li-Ion was 
ruled out not only because of its high cost, but also because it does not come in a package 
that is easy to implement on a robot.  That left NiMH and NiCd as the contenders.  Both 
types of batteries are approximately the same cheap price, and come in forms that are easy to 
use for robotics.  In the end, NiCd was chosen because of its slightly better ratings in most 
areas (as shown in Table 1).  The memory effect should not be a problem, as long as the 
battery is drained completely ever time before recharging.  Figure 43 shows the 7.2V 2000 
mAh NiCd battery that was chosen. 
 
 
Figure 43: Battery 
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Another positive about the battery chosen is the accessories that are included.  The wires 
have an industry standard connector that prevents inadvertently reversing the polarity.  A 
charger is included that simply plugs into a standard outlet.  An inexpensive connector 
designed to mate with the one on the battery allows for a simple way of connecting and 
disconnecting the battery to HAL. 
 
At a rating of 2000mAh, this battery should provide more than enough current for the run 
times required for testing HAL.  The connections used allow for easy upgrades to the battery 
if a higher rating becomes necessary for future applications.  A 25 A switch is also included 
in series with the battery to provide easy control and safety functionality. 
6.4.2 H-Bridge 
After an exhaustive search of the H-bridges available for purchasing, one was selected.  This 
H-bridge has a logic supply voltage of 5 V, supply voltage range of -0.3 – 33 V, and peak 
current of 5 A – all well within the values need for controlling HAL.  It also includes features 
such as protection against over-voltage, over-current, over-temperature, and cross conduction 
faults.  Fault diagnostics can be obtained by monitoring the two status terminals provided and 
the two input control lines [53].  The H-bridge is controlled using a direction input (Dir) and 
a PWM input (PWM).  The direction state can be set high for clockwise rotation and low for 
counter-clockwise rotation, while the PWM line controls the voltage duty.  Table 3 shows the 
functionality of the H-bridge.  Out1 and Out2 are connected to the motor leads.  On HAL, a 
high state (HS) is 7.2 V and a low state (LS) is 0 V. 
Table 3: H-Bridge Function Table [53] 
Dir PWM Out1 Out2 Mode 
0 0 HS HS Brake 
0 1 HS LS CCW 
1 0 HS HS Brake 
1 1 LS HS CW 
 
One drawback of the H-bridge selected is that it only comes in a 20 pin small outline 
integrated circuit (SOIC) package.  Since a dual in-line package (DIP) format is ideal for use 
in prototyping, a method for converting the outputs is necessary.  This is most easily 
achieved by soldering the integrated circuit on a surface mount prototyping board, commonly 
referred to as a “surfboard.”  A photograph of one of the sixteen H-bridge/surfboard 
construct is shown in Figure 44. 
 
Figure 44: H-Bridge/ Surfboard Assembly 
6.5 Test 
Throughout preliminary testing, the H-bridges functioned admirably.  However, when 
extensive use of the leg abduction motors began, a problem arose.  The H-bridge was unable 
to handle the sustained high current draw needed to move the legs when a significant load 
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was applied.  It was overlooked that although the maximum peak current the H-bridge can 
handle is 5 A, the continuous power dissipation is only 1.29 W.  At 7.2 V, this provides a 
mere 0.18 A of continuous current.  This is still enough for the motors on the other three 
joints, but the four shoulder abduction motors needed something with a higher rating.  Figure 
45 shows the comparison of the back of a good and a destroyed H-Bridge/Surfboard 
assembly.  The bad H-bridge shown physically smoked when overheated. 
 
 
Figure 45: Good H-Bridge versus Bad H-Bridge 
6.6 Redesign 
A new method for controlling the four shoulder abduction motors became necessary.  The 
first, most obvious choice was to find another H-bridge with a higher current rating.  This 
posed a challenge, since the cost, size, and complexity of the H-bridges increase with size.  
As a larger H-bridge implementation became infeasible, other solutions were evaluated. 
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After reevaluating the needs of the shoulder abduction motors, it was determined that the 
ability to vary the voltage was not necessary.  This is mainly due to the fact the worm and 
worm-gear combination reduces the angular velocity to less than 5 RPM.  Two solutions 
became apparent: the use of transistors or the use of relays. 
 
It quickly becomes cumbersome to successfully turn on and off and control the direction of a 
motor with transistors.  A large number of other components are needed, such as diodes and 
buffers. 
 
Motor direction can be controlled using just two relays.  A double-pole double-throw 
(DPDT) relay can reverse the voltage and change the direction of the motor.  This can be 
used in conjunction with a single-pole single-throw (SPST) relay that connects or disconnects 
the system to the battery. 
 
Figure 46: Motor Control Redesign Wiring Diagram 
 
While it is relatively easy to find cheap relays suitable for the continuous currents needed, 
they require larger coil currents than can be supplied by most microcontrollers.  To work 
around this, transistors can be used in conjunction with the internal microcontroller voltage 
regulator to boost the current to the relay coils.  The setup used for each shoulder abduction 
joint is shown in Figure 46 and Figure 47. 




Figure 47: Shoulder Abduction Motor Controller 
6.7 Conclusion 
The battery selected is very effective for the needs of HAL.  One charge was able to last 
through weeks of testing.  The H-bridges are also very successful in controlling the speed and 
direction of the motors, excluding those connected to the shoulder abduction motors.  
However, an effective solution was found.  The relay/transistor motor control system has 
performed well under the extreme continuous current conditions. 
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A various number of sensors are needed on HAL to help with motion control, gather 
information about the environment, and to help characterize locomotion.  All sensors must be 
able to send and/or receive data from a microcontroller.  While the encoders used on HAL’s 
motors are sensors, they were discussed in detail in Chapter 5 and will therefore not be 
elaborated on here. 
7.1.1 Motion Control 
Two types of inputs are needed for HAL to achieve successful motion control.  With variable 
terrain can come many robot stability problems.  HAL could easily tip over if one or more of 
his legs are higher than the others.  A hybrid locomotion form of active suspension can 
counteract this problem, but there needs to be some way of telling when and how far to move 
each leg.  The first input must be a way of determining if HAL’s chassis is level.  If the legs 
are moved in such a way as to keep the chassis level on two planes, HAL should remain 
stable.  However, even if the chassis is level, all four legs may not be touching the ground.  
In order to attain proper traction and stability, it is important to have a way of sensing 
whether or not each wheel is making contact with the ground. 
7.1.2 Environmental Information 
The only type of environmental information needed for the scope of this project is object 
detection.  While object avoidance is not necessary for locomotion testing, a way of 
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determining there is an object present is.  When HAL comes into contact with an object, it 
can try to step over it. 
7.1.3 Locomotion Characterization 
In order to quantifiably compare the advantages of traditional forms of locomotion with 
hybrid locomotion, efficiency will need to be determined.  Measuring the efficiency of 
electrical systems is most easily accomplished by comparing the power used.  Since the 
voltage being supplied to HAL always remains constant, the changes in current is directly 
proportional to the power being used.  Therefore, a current sensor is needed to show the 
benefits and/or drawbacks of rolling, walking, and hybrid locomotion. 
7.2 Concepts 
7.2.1 Tilt Sensor 
One of the most common types of tilt sensors is an electrolytic sensor.  This type of sensor is 
cheap and easy to implement.  They work using inherent liquid properties.  As the sensor 
tilts, the surface of the fluid remains level due to gravity.  The fluid is electrically conductive, 
and the conductivity between the two electrodes is proportional to the length of the electrode 
that is immersed in fluid [54].  Using five pins, dual axis tilt can be accurately determined.  
Electrolytic sensors offer good reliability and repeatability.  The only problem for use on 
HAL is the fact that electrolytic sensors require AC current to operate.  If DC power is used 
instead, electrolysis will occur and ruin the sensor. 
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Some ideas were brainstormed for different designs that could be made in-house, but all were 
eventually deemed unnecessarily complicated.  The next step was to determine the best 
integrated circuit to accomplish dual axis tilt sensing. 
7.2.2 Ground Contact 
A few sensor types were considered for determining wheel ground contact.  The use of a 
ranger was deemed too expensive and overly complex for this simple task.  Any kind of 
contact switch would scrape on the ground, likely causing a short life.  Pressure sensors were 
examined, and the most promising seemed to be a cheap and easy fix developed by a senior 
project at the University of Vermont [55].  The design of the pressure sensor is very simple.  
Conductive foam was used as a variable resistor in a simple voltage divider.  As the foam is 
crushed, the resistance is reduced.  A similar setup was created in the lab for possible use on 
HAL, but favorable results were never achieved. 
7.2.3 Obstacle Detection 
Object detection also had a number of possible solutions.  Having a separate sensor for each 
leg is important, since only one leg is actuated at a time when traversing obstacles.  Infrared 
or ultrasonic rangers were considered, but are expensive and overly complex.  Other 
proximity sensors had similar characteristics as the rangers.  A contact sensor, such as a 
switch or button, could be very easily implemented on HAL. 




7.3.1 Tilt Sensor 
The tilt sensor chosen for use on HAL is a dual axis integrated circuit.  It is very small, light 
weight, and is cost effective.  The inclinometer has excellent reliability and stability over 
time and temperature.  The manufacturer also states it has “instrumentation grade 
performance, high resolution and low noise, and outstanding overload and shock durability 
[56].”  The measurement range is -90˚ to +90˚ for both axes, with a resolution of 0.003˚.  One 
of the most appealing aspects of this particular inclinometer is the ease of integration into 
systems being controlled by a microcontroller.  Data can be read from the inclinometer using 
either a serial peripheral interface (SPI) or by reading a variable voltage output.   
7.3.2 Ground Contact 
 
Figure 48: Ground Contact Sensor Design 
 
It was decided that the best solution for determining ground contact was to design and build a 
sensor from scratch.  The most simple and elegant solution consisted of a home made switch.  
The leg section between the elbow and steering joints was cut in half.  Shoulder screws and 
small aluminum blocks are used to allow the cut section to come apart when there is no 
ground pressure.  When the ground is contacted by the wheel, the two sections press together.  
These shoulder screws allow the leg section to slide axially (up and down), while preventing 
twisting or transverse movements.  Conductive foam was used on both sides of the switch to 
absorb energy and to correct for any misalignments, while still allowing the circuit to be 
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Figure 49: Ground Contact Sensor a) Off Ground; b) On Ground 
 
7.3.3 Object Detection 
 
Figure 50: Limit Switch [57] 
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All four wheels need some form of obstacle detection in front of them, mainly for input when 
testing HAL’s locomotion.  This sensor needs to be cheap, simple, reliable, and repeatable.  
The style of sensor that fits these criteria the best is a simple limit switch.  A low torque 
rotary actuation switch with a coil spring mechanism was selected (shown in Figure 50) and 
modified.  The “wireform” actuators were removed and replaced with one designed to cover 
the entire area in front of the wheel (shown in Figure 51).  When any part of the new contact 
arm presses against an obstacle, the switch is activated. 
 
 
Figure 51: Limit Switch Assembly 
 
The wiring diagram used for both the ground contact and object detection sensors is shown in 
Figure 52.  The input to the microcontroller is kept high when the switch is open, and forced 
low when closed. 





Figure 52: Switch Wiring Diagram 
 
7.3.4 Current Sensor 
A large DC current transducer is needed to be able to measure the large currents that can be 
drawn by the motors.  A good worst case assumption is that all four shoulder abduction 
motors are stalled at the same time.  This would mean 14 A would continuously be drawn 
from the battery.  A closed loop multirange current transducer was found that is rated up to 
25 A DC.  This particular sensor uses a coil of wire and the Hall Effect to measure the 
current being drawn [58].  When placed in series with the line being measured, a variable 
voltage is outputted that is related to the current.  This variable voltage can be easily read and 
interpreted by a standard microcontroller. 





The inclinometer was tested through its entire rated range on both axes (see Figure 53).  A 
protractor was used to measure the angle of the sensor, and a simple voltmeter was connected 
to the variable voltage output. 
 
 
Figure 53: Inclinometer Test Setup 
   
 
91



























Poly. (Y-Axis  (V))
 
Figure 54: Inclinometer Test Results 
 
The test results (see Figure 54) were virtually identical for both axes.  A trend line is added to 
the data to be used in later testing.  The variable voltage readings can easily be converted into 
dual axis incline values.  This conversion will be discussed later. 
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7.4.2 Current Transducer 






















Figure 55: Current Transducer Test Results 
 
The current transducer was tested using a laboratory power supply.  The data presented in 
Figure 55 is very linear.  Like the inclinometer, the trend line equation can be used for later 
testing. 
7.5 Conclusion 
All of the sensors selected more than sufficiently support HAL’s needs.  The level sensor and 
current transducer give accurate and reliable data.  The limit switch used for obstacle 
detection is extremely simple and effective.  The ground contact sensor does its job well, but 
adds a small amount of instability to the legs.  Although this instability is not ideal, it is 
minor when compared to the slip in the leg system as a whole. 





The most obvious need for a microcontroller to control HAL is the ability to handle all of the 
inputs and outputs (I/O) made necessary by the subsystems.  Table 4 shows the number of 
I/Os needed to control each leg, as well as the type of signal to be analyzed or produced.  It is 
important to both have enough I/Os, and the ability to read and create the signals.  Fifteen 
channels need to be able to read or produce digital signals, three need to be able to produce a 
PWM signal, and three need to be able to interpret an analog signal – most likely with an 
analog to digital converter (ADC).  The digital input from the encoders will be switching 
very fast (up to 17.3 kHz), making a fast counter imperative the HAL’s success. 
 
Table 4: Needed Inputs and Outputs 
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It was determined early on to be beneficial to split up the huge number of tasks need to be 
performed among multiple microcontrollers.  Each leg has its own controller that performs 
all of the tasks necessary to move and analyze the incoming data.  These four leg 
microcontrollers are then connected to a central microcontroller that also reads platform 
sensors, but most importantly controls the overall robot and runs the motion algorithm. 
 
The processing speed of the selected microcontroller is of the utmost importance.  It has been 
previously shown that the encoders output pulses at a maximum speed of 17.3 kHz.  
Determining the Nyquist Rate of this signal will give the maximum required controller speed.   
The Nyquist Rate is the minimum sampling rate required to avoid aliasing when sampling a 
continuous signal [59].  In other words, it is the minimum sampling rate required to allow 
unambiguous reconstruction of a band limited continuous signal from its samples.  If the 
input signal is real and band limited, the Nyquist Rate is simply twice the highest frequency 
contained within the signal.  This results in an encoder Nyquist Rate of 34.6 kHz. 
 
Because HAL has five microcontrollers, communication is imperative for proper operation.  
Some choice of communication architecture needs to be implemented, i.e. RS232, SPI, I2C, 
or CAN.  Ideally this would already be developed and implemented on the microcontroller 
itself, greatly reducing the complexity and development time required. 
 
Other requirements may be considered external to the microcontroller itself, but are often 
included on the physical board.  One is the need for some type of memory storage.  There 
needs to be some method of storing the large number of data points required to do the testing 
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of different components (e.g. encoder position data).  Another is the need for a 5 V regulator 
to provide power to some of the sensors (e.g. encoders, inclinometer, current transducer, and 
switches). 
 
For the types of activities continually being performed by HAL, some variety of event driven 
programming with interrupts would be beneficial.  Instead of waiting for a complete 
command to process information, the microcontroller can look repeatedly for information to 
process.  In this way, batches of code can be triggered using interrupt handlers to react to 
hardware events.  This style of programming would be especially helpful for reading the 
encoders.  Otherwise, all encoder inputs would need to be polled continuously – 
detrimentally slowing down the program.  Event driven programming gives the user the 
ability to do parallel programming (as apposed to linear programming) – doing different 
tasks at the same time.   
 
With event driven programming, the microcontroller can perform other necessary tasks while 
it waits for an input from the encoder.  Once the value of the encoder I/O line changes, an 
event portion of program can be run to check the other encoder channel.  The value of the 
second encoder channel will be used to determine the direction of the motor, and in turn 
increment or decrement the variable counting the total pulses. 
 
A familiar programming environment is always important when developing software.  
HAL’s programming is most familiar with languages similar to BASIC and C.  To deviate 
from these would mean a long and tedious learning process. 




As with all other aspects of HAL, cost is an important factor.  However, this cannot be the 
overriding factor if detrimental to the required functionality, overall ease of implementation, 
or user friendliness. 
8.2 Concepts 
The cheapest and most basic microcontrollers are Peripheral Interface Controllers (PIC), 
made by Microchip Technology.  There is a wide variety of this type of controller.  However, 
they are not ideal for use on prototypes.  A development board would need to be purchased 
for programming, and they do not include external memory or a voltage regulator. 
 
Another popular category of microcontroller is the Stamp family, produced by Parallax.  
Although simple to use and with much of the necessary functionality, they are relatively 
expensive, have slow processing speed, do not have event driven or parallel programming, 
and/or do not use a familiar language. 
 
PICs are often integrated on circuit boards to create other styles of microcontrollers.  One 
such microcontroller, the Object Oriented PIC (OOPic), is produced by Savage Innovations.  
These are the most promising, and will be discussed in detail in the next section. 
8.3 Design 
The microcontroller selected for all five locations is the OOPic.  According to the 
manufacturer: “Specially designed for robotics, the OOPic is a totally different approach to 
   
 
98
microcontrollers that uses objects to control the attached hardware, while the application 
program focuses on controlling the objects [59].”  The OOPic uses preprogrammed 
multitasking “objects” to interact with hardware.  These objects control both peripherals, as 
well as all aspects of the OOPic itself.  Scripts can be written in either BASIC, C, or Java to 
control these objects.  During operation, the objects run continuously and simultaneously in 
the background, while the scripts run in the foreground to tell the objects what to do.   
 
The OOPic includes a library of over 130 of these objects.  Within this large library of 
objects, there are some specifically designed for the applications required by HAL.  These 
include a PWM signal generator, ADC, quadrature encoder reader, communication link, 
button/switch reader, and of course digital I/Os.  There are 31 I/O lines on each OOPic, more 
than enough for HAL’s needs. 
 
Another unique feature of the OOPic is the capability of using “virtual circuits.”  Virtual 
circuits can be thought of as the software equivalent of an electronic circuit connecting 
together objects in various ways.  They allow objects to pass data to each other completely in 
the background, eliminating the need for certain scripts.  Virtual circuits can handle the 
processing required for speed control, time-out events, limit switches, emergency breaking, 
and a while myriad of other functions, eliminating the need for the script to pole such tedious 
tasks.   
 
Figure 56: OOPic S-Board Layout [60] 
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Figure 57: OOPic S-Board Wiring Diagram [6059] 




OOPics include a built in network that can be used to communicate between all five 
controllers.  An I2C bus network is used to communicate with other OOPics, store data in an 
electrically erasable programmable read-only memory chip (EEPROM), connect to a 
computer, or communicate with any other I2C devices.  I2C devices have the nodes connected 
in parallel to a common communication bus, which eliminates a large amount of wire and 
connectors that are needed for other network types. 
 
The OOPic comes standard with an external EEPROM, and also has an empty slot for 
another.  This slot is utilized with the addition of a 1024 Kbit EEPROM, which was 
purchased separately.  The OOPics are equipped with an object that can read and write values 
to the EEPROM in hexadecimal format.  While virtually any size positive integer can be 
stored, anything above 255 requires additional processing. 
 
The OOPic can be powered by a source with a voltage range of 6-15 V.  Although the battery 
being used to power the motors is within this range, a separate standard 9 V battery grouping 
was implemented.  This power design is to avoid problems that often arise in electrical 
systems that have power sinks that draw excessive amounts of current.  The power provided 
to the microcontrollers will remain “clean” and unaffected by hardware.  The power given to 
the OOPic is internally converted to 5 V, which can be used by the other devices located 
throughout the robot. 
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The main processor of the OOPic is a PIC16F877, with a clock speed of 20 MHz.  When 
implemented on the OOPic, 2000 instruction per second and 100,000 virtual circuit 
operations per second can be run.  With these specifications, it appeared that the OOPic 
would be able to keep up with all inputs using virtual circuits.  The fastest of these inputs are 
those from the encoders.  The OOPic should be able to run virtual circuit operations at almost 
three times the Nyquist Rate that is required to read the encoder inputs.   
 
Table 5 shows the connection to the microcontrollers.  Pins 1-5 are used for the programming 
cable connection to the computer.  Pins 19 and 20 are dedicated to the I2C bus.  On the leg 
microcontroller, the two dedicated PWM generation pins are utilized.  While all I/O pins 
have the ability to produce a PWM signal, pins 27 and 29 have much better resolution (256 
values versus 16 values).  Dedicated ADC pins are utilized in the central microcontroller.  
These inputs convert the analog voltage to a digital value with a very high 10 bit resolution 
(0.0049 V per increment).  All other I/O’s used provide digital inputs and outputs. 
Table 5: OOPic Connections 
 
The functional decomposition showing the relationship of the microcontrollers to the other 
systems can be seen in Figure 7. 




Several tests were done using an oscilloscope to characterize the PWM output of the OOPics.  
The first, shown in Figure 58, uses one of the dedicated PWM generation pins at 50% duty 
(value of 127).  The dedicated PWM I/Os produce a high frequency wave, so their output 
will be referred to as PWMH.  The signal oscillates at a frequency of 19.65 kHz, producing a 
period of 50.90 µs between pulses. 
 
 
Figure 58: PWM High at 50% Duty 
 
Next, the PWM output of a typical I/O with no dedicated PWM (PWML) was characterized.  
These I/Os produce a much lower frequency wave, so their output will be referred to as 
PWML.  Figure 59 shows the signal produced at 50% duty (value of 7).  As expected, the 
PWML gives less resolution than the dedicated PWM pins.  The signal oscillates at a 
frequency of 560 Hz, producing a period of 1.79 ms. 





Figure 59: PWM Low at 50% Duty 
 
Both PWM generation methods produce a nice square wave and give very favorable results 
when implemented into the motor control system.  While still effective, a PWML pin 
produces a signal that is 2.8% as fast as a dedicated pin.  Figure 60 physically shows the 
difference between these two methods.  Channel 1 (upper) is the PWML output and Channel 
2 (lower) is the PWMH output. 
 






Figure 60: PWM High and PWM Low Output at 50% Duty 
 
The OOPic’s two types of PWM signals were analyzed at 100% duty (values of 255 and 15).  
Figure 61 proves that the signal does not oscillate at full duty, but gives a constant high 
value.  This effectively uses the H-Bridge as a switch to give the motor the full 7.2 V from 
the battery. 
 






Figure 61: PWM High and PWM Low at 100% Duty 
 
After implementing the OOPics into the motor control system, problems arose.  It was 
discovered early on that the object created for the purpose of reading a quadrature encoder 
could not keep up with the high frequency of the encoder pulses.  Even when the motors are 
significantly slowed, the data is extremely flawed.  It became apparent a new method for 
counting pulses was needed. 
 
Two methods for counting the encoder inputs were tested.  The first attempt was to write a 
program that used an “If” statement in the code to increment a variable every time a pulse 
was detected.  An oscilloscope was used to physically test the effectiveness of this method.  
One encoder channel was inputted into an I/O pin, while a second I/O pin was used to output 
the signal read.  The “If” statement set the value of the output high if the value of the input 
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Figure 62: If Statement Test 
 
Figure 62 shows the inability of the “If” statement to keep up with the encoder input.  The 
program could not give favorable results, even at the slowest possible speeds. 
 
The next test used a faster running virtual circuit to attempt to read the encoder input.  The 
experiment was set up in the same manor as the previous one that used the “If” statement.  
The difference being that a virtual circuit was created (shown in Figure 63) that linked the 
input and output pins together and ran in the background.  The results of this test were much 
more favorable and can be seen in Figure 64.  Channel 2 (upper) is the true output of the 
encoder and Channel 1 (lower) is connected to the output pin. 





Figure 63: Encoder Test Virtual Circuit 
 
The virtual circuit is able to follow the encoder input up to a value of approximately 1.5 kHz.  
The upper chart in Figure 64 shows the virtual circuit successfully following an encoder 
input of 595 Hz, while the lower chart shows it breaking down above 1.5 kHz.   
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Figure 64: Virtual Circuit Test 
 
Using this data and the properties of the gear-motor/encoder assembly, the maximum motor 










==××  (8.4.1) 
This is acceptable for the angular velocity used on all of the joints except for shoulder 
abduction.  Since they include further speed reduction through the worm and worm-gear 
combination, they must turn at much greater speeds.  The solution to the problem will be 
discussed in the next section. 
 
Using the same principles as the test, a new virtual circuit can be created to determine motor 
position.  Figure 65 shows the virtual circuit used to accomplish this task.  One channel on 
the encoder is used to input a signal into an object called “counter.”  When this signal 
changes from a low to high pulse, the count command modifies the value of a word variable.  
The second encoder channel is wired to a function of the counter that determines whether to 
increment or decrement the output variable.  In this way, the position of each motor can be 
kept up to date at all times in the background of the program. 
 
 
Figure 65: Quadrature Encoder Virtual Circuit 
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The encoders located on the motors, used for the four shoulder abduction joints, output data 
at a much faster rate than can be handled by the OOPics.  A few solutions to this problem 
were considered: 
1. Quadrature decoders could be purchased to convert the encoder data into a form 
usable by the microcontrollers.  These are usually expensive and would take up 
valuable real-estate on the chassis. 
2. Another microcontroller, probably a PIC, could be implemented with the sole purpose 
of counting and interpreting encoder data.  This method seemed promising at first and 
was researched further.  After some research and testing, it was determined that the 
learning curve was too great and implementing this idea would be much too time 
consuming.  Adding four more microcontrollers also seemed overly complex for the 
simplicity of the problem. 
3. A different sensor could be implemented in place of the encoder.  While it would be 
easy to use another sensor to determine the top and bottom of the full shoulder stroke, 
it is infinitely more difficult to keep track of the incremental position in-between. 
4. The most simple, cheapest, and fastest solution to this problem was initially 
overlooked.  A new encoder wheel could be bought or made with a smaller 
resolution.  Since a suitable wheel could not be found on the market, the existing 
wheel was modified. 
 
 
Figure 66: Encoder Wheel Comparison 
 
Figure 66 shows a comparison of the original encoder wheel, with 120 counts, to the 
modified encoder wheel, with one count.  The resolution of the shoulder abduction joint then 
becomes 50 counts per revolution, as compared to 6000 counts per revolution on all other 
joints.  Even this significantly lower resolution is more than enough for HAL’s purposes. 
 
The output of both channels of a modified encoder is shown in Figure 67.  While Channel 1 
(upper) gives the expected square wave, Channel 2 (lower) gives an unexpected pattern.  The 
same channel characteristics can be seen by all four modified encoders.  It has not been 
determined why this occurs, but it is also not important to this project.  Since the worm-gear 
prevents motion unless the motor is actively driven, the joint will only move when told by 
the microcontroller.  Because of this, HAL will always know which way the joint is moving.   
 




Figure 67: Modified Encoder Output 
 
8.6 Conclusion 
The OOPics are effective in all areas needed to control and test HAL, excluding reading the 
encoders.  After some modifications, they can still be used to do this task.  The 
documentation and debugging capabilities of the OOPic are also rather disappointing.  Even 
with its drawbacks, the user friendliness, robustness, and included features make it a good 
choice for use in prototype robotic applications. 
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HAL’s chassis encompasses everything not directly connected to the legs itself.  The first, 
and probably most obvious, role of this subsystem is to hold the shoulder joints.  Not only 
must they be mechanically stable, but they also have to have enough space reserved for the 
motors and other components.  Having enough area and volume is a major concern because 
of the vast number of components.  The footprint has to be as small as possible, along with 
the weight.  Connection points for components must also be taken into consideration.  Some 
will never need to be accessed, while others need to be easy to get to. 
9.1.2 Electrical 
Some form of prototyping area is ideal for this first generation robot.  A way to be able to 
easily connect and modify components is essential.  Additions and changes are not planned, 
but must always be accounted for.  Along these lines, access to the 40 pins located on the 
microcontrollers is important.  Modifications should be able to be made without any 
disassembly. 
 
The wires that run to the components located on the legs will need to be firmly attached.  
With the legs moving in so many different ways, a weak connection point could easily be 
compromised.  They must also be kept from getting tangled or ensnared by any part of HAL. 
9.2 Design 
 
Figure 68: Chassis: a) Top View; b) Front View; c) Side View; d) Orthogonal View 
 




Figure 69: Chassis Diagram: a) Level 1; b) Level 2; c) Level 3 
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The material selected for HAL’s chassis structure is aluminum.  The reasons for this 
selection is the same as those for the legs – low weight, high specific strength, low cost, and 
ease of machining. 
 
The chassis was originally designed with two levels.  Trying to squeeze everything onto one 
level would make the robot extremely oversized.  A two level design also simplifies the 
connections to the shoulder joint.  A small third level was later added because of the redesign 
of the system controlling the shoulder abduction motor.  The limited space required a whole 
new expansion to fit all of the parts required. 
 
The basic layout of all three levels is shown in Figure 69.  The first level can be considered 
HAL’s brain – it holds all five microcontrollers and both battery sources.  The Second and 
third levels can be considered HAL’s heart – they hold all of the power electronics. 
9.2.2 Electrical 
For prototyping and modification simplicity, it was decided to make the vast majority of the 
second level one large breadboard assembly.  Wires and components could be added and 
subtracted very easily and whenever needed. 
 
40 pin ribbon cables were specified to give access to the microcontrollers.  Since the 
microcontrollers were on the lowest level, access to their pins is very limited.  The ribbon 
cable solves this problem by bringing all connections to second level.  One end of the cable is 
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connected to the OOPic headers, while the other is permanently affixed to the base of the 
second level.  The ends of the cable are in the same form as a 2x20 connection breadboard, 
allowing for easy connections. 
 
A five pin programming header is located in one area of the OOPics that is not easily 
accessible in this design.  The programming cable is meant to connect from the computer 
onto this location.  Since the 40 pin connection also includes these programming 
connections, a new programming header was created on the second level breadboard.  The 
programming cable can be connected directly to this header, virtually eliminating the need to 
ever get physical access to the OOPics again. 
 
To keep the connections to the wires from leg components from pulling out, screw terminals 
were attached.  These terminals hold strongly to the breadboard slots, while clamping onto 
the wire ends.  This setup allows easy connection to all components, while still giving a 
sturdy hold. 
 
The power switch bought for the motor battery was given a spot on the second level.  Easy 
access to this switch is imperative incase of the need for emergency stopping.  Two buttons 
were also added for programming purposes.  They are used for starting or stopping routines 
in the microcontrollers. 
 
The overall wiring diagram is shown in Figure 70, excluding those items whose diagram was 
shown earlier (i.e. switches and shoulder abduction control subsystem).  Wire color 
conventions were kept constant wherever possible.  Power wires are mostly red, ground 
wires are mostly black, and signal wires are white and green. 
 
 
Figure 70: HAL Wiring Diagram 
9.3 Conclusion 
HAL’s chassis suites all needs.  Throughout the designing, building, and testing processes, 
different aspects of the wiring were modified.  The breadboard style of wiring made it very 
easy to find any problems and make any necessary changes. 
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Although the current chassis design is successful, there are a few drawbacks.  The vast 
number of wires makes certain changes hard to achieve.  The wires easily become “buried” 
under others, making access difficult.  While it has not been an issue on this robot, wires 
attached to breadboards can often pull out when unintended. 
 
A future generation of HAL could be built that replaces the entire electrical part of the 
chassis with a single printed circuit board (PCB).  This board would contain the 
microcontrollers, H-bridges, relays, and all other components in one compact form. 
10 Hybrid Locomotion 
A holistic platform discussion is needed to properly analyze the advantages of hybrid 
locomotion.  HAL’s overall functionality can be investigated in two ways: a posture control 
and an obstacle traversing evaluation.   
10.1 Posture Control 
 
Figure 71: Posture Control Simulation [21] 
 
One of the huge advantages of a hybrid locomotion platform over traditional types of 
locomotion is the ability to perform advanced posture control.  Typical wheeled vehicles 
have an inherent instability when traveling over large terrain changes, e.g. the terrain shown 
in Figure 71.  There are many types of passive suspension that can help account for this 
problem, but none as robust as driven legs.  Walking robots have similar instability problems.  
The adjustments needed to modify a walking gait to achieve stability are extremely complex 
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and less reliable.  The left side of Figure 71 illustrates a typical result of rolling or walking 
over rough terrain – the robot tipped over.  The right side illustrates the more advantageous 
result of hybrid posture control. 
 
With HAL’s system of hybrid locomotion, it can easily, efficiently, effectively, and 
continuously compensate for changes in terrain.  While the wheels provide the method for 
traveling along the ground, the legs act like an advanced form of active suspension.  The 
inclinometer is used in conjunction with a motion algorithm (shown in Figure 72) to keep the 
chassis level.  Motors can be constantly actuated to make corrections to leg position.  HAL 
can relatively easily use the inclinometer to keep the chassis level, while also using the 
ground contact sensors to keep all four wheels on the ground.  This not only keeps HAL 
stable, but also ensures constant four wheeled drive. 
 
 
Figure 72: Posture Control Logic Flow Chart 





Figure 73: No Posture Control vs. Posture Control 
 
Figure 73 shows half of HAL’s wheels moving up a ramp, while the other two remain on flat 
ground with pure rolling and hybrid locomotion respectively.  The last image in left column 
of Figure 73 was taken with HAL about to fall over.  So much strain was placed on the two 
right legs and wheels, HAL was not able to move in a controlled manor.  The advantages of 
hybrid locomotion posture control are made obvious by this figure.   
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10.2 Obstacle Traversing 
One advantageous aspect of hybrid locomotion is the ability to traverse obstacles large in 
comparison to the size of the robot.  Wheeled and tracked vehicles cannot overcome 
obstacles larger than the height of their wheels or tracks.  Walking robots may be able to 
walk over larger objects, but much less efficiently and typically with more complications. 
 
 
Figure 74: Step Traversing 
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Inherent mechanical instabilities in HAL prevented him from autonomously traversing an 
obstacle.  However, an analysis was done to determine the most practical way to achieve 
hybrid locomotion onto a step.  Figure 74 shows HAL stepping onto a step that is 9 in high.  
HAL accomplished this by doing the following: 
1. Roll toward the step until the front right limit switch is pressed. 
2. Raise the front right leg until the limit switch is released.  Roll forward until the front 
left limit switch is pressed.  Lower the front right leg until the ground contact sensor 
is activated. 
3. Raise the front left leg until the limit switch is released.  Roll forward and lower the 
front left leg until the ground contact sensor is activated. 
4. Roll forward until the back right limit switch is pressed. 
5. Raise the back right leg until the limit switch is released.  Roll forward until the back 
left limit switch is pressed.  Lower the back right leg until the ground contact sensor 
is activated. 
6. Raise the back left leg until the limit switch is released.  Roll forward and lower the 
back left leg until the ground contact sensor is activated. 
 
The limit switches in front of each wheel is used to decide when to raise its respective leg.  
They can also be used in the opposite way to determine if the wheel has cleared the top of the 
step.  Stability would be a major problem if the step was attempted to be traversed using pure 
walking.  The high center of gravity could yield devastating results. 
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HAL’s ability to traverse obstacles is not limited to a step.  The same principles could be put 
into practice to overcome almost anything under the height of the full leg stroke. 
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11 Conclusions  
11.1 Efficiency 
One way of showing the vast difference between walking and rolling locomotion is through 
an efficiency analysis.  The current transducer previously mentioned can be used to obtain 
data while HAL is moving.  Figure 75 shows the difference between rolling and the motion 
of a walking gait.  The data for rolling was recorded while HAL was traversing flat ground 
with a duty of 37% at each wheel motor.  During this test, the speed averaged to about 6.5 
in/sec. 
 
Since true walking could not be successfully performed by HAL, current data was recorded 
during one full leg walk cycle.  While performing this cycle, HAL was suspended by his 
chassis.  This means the current recorded is tremendously smaller than it would be if the legs 



















Figure 75: Instantaneous Power Usage 
 
While the current transducer has fine resolution throughout the entire rating, both tests were 
within a small percentage of the total value span.  This results in data with less resolution 
than would be ideal.  However, the data is satisfactory to show efficiency benefits. 
 
Now that the instantaneous power usage is found, the total work done throughout the entire 
experiment can be determined.  This value is represented by the area under the curve (A) and 
is mathematically: 
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Where a is the left most x value and b is the right most x value.  Knowing the difference 





































Figure 76: Total Work Done 
 
The linear displacement caused by one walking actuation cycle is approximately 15 in.  It 
takes about 8 sec to perform this maneuver.  That extrapolates out to a platform speed of 1.9 
in/sec, as compared to 6.5 in/sec for the rolling test.  The total work done can also be related 
to the distance traveled, yielding values of 0.9 J/in for rolling and 3.1 J/in for walking. 
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With the data presented, it can easily be seen that rolling locomotion is much more efficient 
than walking.  The power used by rolling locomotion comes out ahead in every category, 
even when walking is performed under unrealistically ideal conditions.  Since the legs are 
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actuated much less during hybrid locomotion than during walking, it can be assumed to fall 
somewhere between the efficiencies calculated.  As expected, the efficiencies of HAL’s 
locomotion, from most efficient to least efficient, are rolling, hybrid, and lastly walking. 
11.2 Effectiveness 
11.2.1 Rolling 
The effectiveness of controlled rolling motion was shown.  HAL has the ability to use a 
sophisticated control system to roll with precision.  The four wheeled steering methods 
implemented offer exciting results.  HAL has the ability to not only turn with a zero turning 
radius, but also can change directions without changing the orientation of the chassis.  The 
problem of trajectory planning and generation for four wheel steering systems has been 
previously researched [9], and can be implemented on HAL. 
11.2.2 Walking 
While pure walking was never achieved, due to the inherent instability found in mechanical 
quadruped platforms, an analysis was performed on the walking gate.  Walking is at first 
very appealing for robotic locomotion, but can have many complications.  Robots designs 
where navigation or dead reckoning is required will most likely want to steer away from this 
locomotion method.   
11.2.3 Hybrid Locomotion 
The capability of hybrid walking-rolling locomotion has been shown.  The combined ability 
to traverse obstacles and implement posture control has very exciting possibilities.  While 
there is room for improvement, the overall effectiveness can be seen.  This robotic platform 
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is a good first generation design.  The work performed in designing, building, and analyzing 
HAL became much more than just a proof of concept.   




Modifications to the leg design could make HAL more stable and predictable.  This could be 
greatly improved in two major areas: reduction of slop in the system and design of a different 
type of ground sensor.  The tolerances for all leg joints should be tightened along with the 
implementation of a better design for the elbow joint.  A quick fix was made with the 
addition of an aluminum plate to keep the joint in line.  However, this added a significant 
amount of friction and reduced the efficiency of the shoulder abduction system. 
 
Some leg instability is also added by the ground sensor.  Since the hole for the shoulder bolts 
has to be large enough to allow them to slide axially, a noticeable amount of movement 
happens transversely.  A different kind of pressure sensor could also help keep HAL’s weight 
evenly distributed. 
 
The ability of the shoulder abduction joint to passively hold its position may be ideally suited 
for all joints.  While the quadrature encoders can keep track of the position of each joint 
when moved without powered, only moving when required would simplify the algorithms 
needed.  The stability issues previously mentioned would furthermore benefit by this type of 
design. 
 
A hexapod platform may provide more effective walking and could solve some problems 
encountered when trying to give HAL this ability.  At least six legs are required to be able to 
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achieve static walking.  This would expand the complication of the system, but would give 
more robust locomotion. 
 
Probably the most frustrating part of this project was working with the OOPic 
microcontrollers.  Although there are many positive features that made them a good choice 
for prototyping, they were found to be rather unreliable when implemented into the overall 
system.  One did not operate at all when hooked up straight out of the box; another could not 
run programs that used events; and all had ghosts in the system that often could not be 
explained.  Many times, the OOPics would stop running the program saved on the 
EEPROMs and inexplicably had to be reprogrammed.  Unlike other microcontrollers, 
OOPics are also significantly harder to debug.  The programmers guide, examples, and 
general information are extremely lacking.  However, the most compelling reason to move 
away from OOPics is the inability to keep up with many electronic devices, i.e. encoders.  
They are exceptionally slow compared to other microcontrollers on the market. 
  
The next generation of hybrid locomotion robot could take the work done on HAL and 
significantly reduce the size and weight in many areas.  Electronically, a PCB can be created 
to eliminate the large and complicated breadboard/wire method currently used.  A single 
board could be designed to include all microcontrollers, H-bridges, relays, sensors, and 
connection points.  With a much smaller electrical system, the chassis size could in turn be 
significantly reduced.  A single layer design could be feasibly. 
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Some form of remote control would also make debugging and testing more painless.  It is 
hard to characterize a completely new electromechanical system when the user does not have 
direct control.  While HAL displayed a large amount of aptitude in autonomy, the beginning 
trials could be more effective with direct control.  Therefore, the ability to move both under 
direct control and with internal motion algorithms would be ideal 
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14.1 Appendix A – Bill of Materials 
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14.2 Appendix B – Test Code 
14.2.1 Steering Encoder Test 
'Data storage objects 
Dim Clock As New oClock 
Dim Wire As New oWire 
Dim Record As New oEvent 
Dim E1 As New oEEProm 
 
'PWM output to H-Bridge objects 
Dim Steer_PWM As New oPWMH  
 
'Output to H-Bridge direction objects 
Dim Steer_Dir As New oDIO1 
 
'Encoder count objects 
Dim Steer_Encoder As New oCounter 
 
'Encoder count input location objects 
Dim Steer_Encoder_In As New oDIO1 
 
'Encoder count input variable objects 
Dim Steer_Encoder_Var As New oWord 
Dim Steer_Encoder_High_Byte As New oByte 
Dim Steer_Encoder_Low_Byte As New oByte 
 
'Direction Variables 
Dim wheel As New oBit 




Sub Main()  
Delay = 500 'Recommended for all programs 
 
E1.Node = 84 'Use EEPROM slot E1 
Clock.Rate = 115 'Set clock frequency 
Wire.Input.Link(Clock.Result) 'Create virtual circuit 
Wire.Output.Link(Record.Operate) 
Wire.Operate = cvTrue 
Clock.Operate = cvTrue 
Steer_Encoder_Var = 10000 'Initialize encoder count varible 




Delay = 500 
 
'PWM outputs to H-Bridge setup 
Steer_PWM.IOLine = 18 
 
'Outputs to H-Bridge direction setup 
Steer_Dir.IOLine = 25 
Steer_Dir.Direction = cvOutput 
 
'Encoder count input setup 




'Encoder count input location objects setup 
Steer_Encoder_In.IOLine = 2 
Steer_Encoder_In.Direction = cvInput 
 
'H-bridge inputs 
Steer_Dir.State = 0 




'Turn CCW 90 degrees 
While Steer_Encoder_Var < 11500 
Steer_PWM.Operate = 1 
Wend 
Steer_PWM.Operate = 0 
 
'Hold 
Delay = 100 
Steer_Dir.State = 1 
Steer_Encoder.Direction = 1 
Delay = 200 
 
'Turn CW 270 degrees 
While Steer_Encoder_Var > 7000 
Steer_PWM.Operate = 1 
Wend 
Steer_PWM.Operate = 0 
 
'Hold 
Delay = 100 
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Steer_Dir.State = 0 
Steer_Encoder.Direction = 0 
Delay = 200 
 
'Turn CCW 180 degrees 
While Steer_Encoder_Var < 10000 
Steer_PWM.Operate = 1 
Wend 
Steer_PWM.Operate = 0 
 
'Stop recording data 
Delay = 100 







'-----Record Encouder Output Subroutine----- 
Sub Record_Code() 
'Format data for storage 
Steer_Encoder_High_Byte = Steer_Encoder_Var/256 
Steer_Encoder_Low_Byte = Steer_Encoder_Var 
'Store data 
E1.Value = Steer_Encoder_High_Byte 
E1.Value = Steer_Encoder_Low_Byte 
'Reset variable 






14.2.2 Steering Encoder Test 
Central Microcontroller: 
'I2C Link object 
Dim Master As New oDDELink 
 
'Operate variable - begin leg programs 
Dim operate As New oBit 
 
'Button object 





Delay = 500 'Recommended for all programs 
 
'I2C link setup 
ooPIC.Node = 1 
Master.Location = 41 
Master.Direction = cvSend 
Master.Input.Link(operate) 
Master.Operate = cvTrue 
 
'Button setup 
Red.IOLine = 30 
 
'Hold until button pressed 
While Red.Position = 1 
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'Send start command to leg OOPics 
operate.Value = 1 
Master.Node = 2 
Master.Sync = 1 
Master.Node = 3 
Master.Sync = 1 
Master.Node = 4 
Master.Sync = 1 
Master.Node = 5 
Master.Sync = 1 
 
Delay = 100 
 








Leg Microcontroller (1 of 4): 
 
'I2C Link object 
Dim Slave As New oDDELink 
 
'Data storage objects 
Dim Clock As New oClock 
Dim Wire As New oWire 
Dim Record As New oEvent 
Dim E1 As New oEEProm 
 
'Operate variable - begin leg programs 
Dim operate As New oBit 
 
'PWM output to H-Bridge objects 
Dim Wheel_PWM As New oPWMH 
 
'Output to H-Bridge direction objects 
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Dim Wheel_Dir As New oDIO1 
 
'Encoder count objects 
Dim Wheel_Encoder As New oCounter 
 
'Encoder count input location objects 
Dim Wheel_Encoder_In As New oDIO1 
 
'Encoder count input variable objects 
Dim Wheel_Encoder_Var As New oWord 
Dim Wheel_Encoder_High_Byte As New oByte 





Delay = 500 
 
'I2C Network Setup 
ooPIC.Node = 3 '*****CHANGE FOR EACH LEG 
Slave.Output.Link(operate.Value) 
Slave.Operate = cvTrue 
 
'Data storage setup 
Clock.Operate = cvFalse 
Clock.Rate = 1 
Wire.Input.Link(Clock.Result) 
Wire.Output.Link(Record.Operate) 
Wire.Operate = cvTrue 
E1.Node = 84 
 
'PWM outputs to H-Bridge setup 
Wheel_PWM.IOLine = 17 
 
'Outputs to H-Bridge direction setup 
Wheel_Dir.IOLine = 24 
Wheel_Dir.Direction = cvOutput 
 
'Encoder count input setup 




'Encoder count input location objects setup 
Wheel_Encoder_In.IOLine = 1 
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Wheel_Encoder_In.Direction = cvInput 
 
'Set motor direction 
Wheel_Dir.State = 0 '*****CHANGE FOR EACH LEG 
 
operate = 0 'Initialize operate variable 
Wheel_Encoder_Var = 0 'Initialize variable 
 
Wheel_PWM.DutyCycle = 95 ' Set motor speed 
 
'-----Begin Test----- 
'Hold until given start command 
While operate = 0  




Clock.Operate = cvTrue 






'-----Record Encouder Output Subroutine----- 
Sub Record_Code() 
'Format data for storage 
Wheel_Encoder_High_Byte = Wheel_Encoder_Var/256 
Wheel_Encoder_Low_Byte = Wheel_Encoder_Var 
'Store data 
E1.Value = Wheel_Encoder_High_Byte 
E1.Value = Wheel_Encoder_Low_Byte 
'Reset variable 







14.2.3 Posture Control Test 
Central Microcontroller: 
'I2C Link object 
Dim Master As New oDDELink 
 
'Operate variable - begin leg programs 
Dim operate As New oNib 
 
'Button objects 
Dim Red As New oSwitch 
 
'Inclinometer input objects 
Dim x As New oA2D8 





Delay = 500 'Recommended for all programs 
 
'I2C link setup 
ooPIC.Node = 1 
Master.Location = 41 
Master.Direction = cvSend 
Master.Input.Link(operate) 
Master.Operate = cvTrue 
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Red.IOLine = 30 
 
'Inclinometer setup 
x.IOLine = 2 
y.IOLine = 3 
x.Operate = cvTrue 
y.Operate = cvTrue 
 
'-----Begin Test----- 
'Hold until button pressed 
While Red.Position = 1 
operate.Value = 0 
Wend 
 
'Send start commmand 
operate.Value = 1 
Master.Node = 2 
Master.Sync = 1 
Master.Node = 3 
Master.Sync = 1 
Master.Node = 4 
Master.Sync = 1 
Master.Node = 5 
Master.Sync = 1 
Delay = 10 
Master.Sync = 0 
 
'Set variable value to match inclinometer input 
Do 
If x < 116 
operate.Value = 3 
ElseIf y > 140 
operate.Value = 2 
Else 
operate.Value = 1 
EndIf 
 
'Send variable value 
Master.Node = 3 
Master.Sync = 1 
Master.Node = 4 
Master.Sync = 1 
Delay = 10 









Leg Microcontroller (1 of 4): 
'I2C Link object 
Dim Slave As New oDDELink 
 
'Operate variable - begin leg programs 
Dim operate As New oNib 
 
'PWM output to H-Bridge objects 
Dim Wheel_PWM As New oPWMH 
 
'Output to H-Bridge direction objects 
Dim Wheel_Dir As New oDIO1 
 
'Encoder count objects 
Dim Wheel_Encoder As New oCounter 
 
'Encoder count input location objects 
Dim Wheel_Encoder_In As New oDIO1 
 
'Shoulder abduction objects 
Dim Shoulder_Direction As New oDIO1 





Delay = 500 
 
'I2C Network Setup 
ooPIC.Node = 3 '*****CHANGE FOR EACH LEG 
Slave.Output.Link(operate.Value) 
Slave.Operate = cvTrue 
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'Shoulder control setup 
Shoulder_Direction.IOLine = 27 
Shoulder_Power.IOLine = 29 
Shoulder_Direction.Direction = cvOutput 
Shoulder_Power.Direction = cvOutput 
 
'PWM outputs to H-Bridge setup 
Wheel_PWM.IOLine = 17 
 
'Outputs to H-Bridge direction setup 
Wheel_Dir.IOLine = 24 
Wheel_Dir.Direction = cvOutput 
 
Wheel_Dir.State = 0 '*****CHANGE FOR EACH LEG 
 
operate = 0 'Initialize operate variable 
 
Wheel_PWM.DutyCycle = 125 'Set wheel speed 
 
'-----Begin Test----- 
'Hold until start command received 
While operate = 0 
Wheel_PWM.Operate = 0 
Shoulder_Direction.Value = 0 
Shoulder_Power.Value = 1 
Wend 
 
Wheel_PWM.Operate = 1 'Start wheel 
Delay = 10 
 
'Move shoulder when necessary 
Do 
If operate = 2 Or operate = 3 
Shoulder_Power = 0 
Else  









14.2.4 Walking Gait Test 
'PWM output to H-Bridge objects 
Dim Swing_PWM As New oPWML 
 
'Output to H-Bridge direction objects 
Dim Swing_Dir As New oDIO1 
 
'Shoulder abduction objects 
Dim Shoulder_Direction As New oDIO1 





Delay = 1000 
 
'Shoulder abduction setup 
Shoulder_Direction.IOLine = 27 
Shoulder_Power.IOLine = 29 
Shoulder_Direction.Direction = cvOutput 
Shoulder_Power.Direction = cvOutput 
 
'PWM outputs to H-Bridge setup 
Swing_PWM.IOLine = 30 
 
'Outputs to H-Bridge direction setup 
Swing_Dir.IOLine = 26 
Swing_Dir.Direction = cvOutput 
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Shoulder_Direction.Value = 1 
Delay = 5 
Shoulder_Power.Value = 0 
Delay = 185 
Shoulder_Power.Value = 1 
 
'Swing forward 
Swing_Dir.State = 1 
Swing_PWM.Operate = 1 
Delay = 135 
Swing_PWM.Operate = 0 
 
'Raise 
Shoulder_Direction.Value = 0 
Delay = 10 
Shoulder_Power.Value = 0 
Delay = 275 
Shoulder_Power.Value = 1 
 
'Swing back 
Swing_Dir.State = 0 
Delay = 5 
Swing_PWM.Operate = 1 
Delay = 125 








   
 
155
   
 
156



































































 5(- .5()  7-
 .5( 	"(4501 51() + 7-
 5(- 85- 5  7-) +
 1 (9((- 45(- .5- 55( 5' 4:
  85- "((- 5  7-)   %;<+ 3
 "((- 5 5(- 85- =+>)  %;<+ 3
   85- 44(1 5  7-) ?
44(1 5 5(- 85- =+>) ?
! @5#1-+.5') %590 <
 1/.501 (/0/51() % @ 5 7-
 0@/51- .5() 7- #4  (1-
 &@( (54 4 0/ 1 01(1-(- #4 01/51 4(7(4/(
&@( (54 4 / A( /""(- A(#4( 4(7(4/01
 &@( (54 4 -(/ 1 01.-( "4(01#4
B5(4 4 -/ (
55 /@(( #4)
*%+



















































































































































































































































































































































































































































































































































































































































































































, 	-."#$&($"%#& "!&!&"."#&" 
,/""#&"0

























































" 1##" )</1 C&";# 1#""& 







 	;2/1<>2AB  	;2/1<
3 	;2/13<>2AB 3 	;2/13<
 	;2/1<>2AB  	;2/1<
 	;2/1<>2AB  	;2/1<
 	;2/1<>2AB  	;2/1<







 	;2/1<  	;2/1<
3 	;2/13< 3 	;2/13<
 	;2/1<  	;2/1<
 	;2/1<  	;2/1<
 	;2/1<  	;2/1<
 	;2/1<  	;2/1<
1#""& 
" 1##" )</1 C&";# 1#""& 







 A	;2/1<>2AB  A	;2/1<
3 A	;2/13<>2AB 3 A	;2/13<
 A	;2/1<>2AB  A	;2/1<
 A	;2/1<>2AB  A	;2/1<
 A	;2/1<>2AB  A	;2/1<



































>" 1  AB
    
3 4 3  
    
   3 
    )























































































































































































































































































































































































































































































+).4  8: 





















































































































































































































































































































































































Current Transducer LTS 25-NP
For the electronic measurement of currents : DC, AC, pulsed, mixed,
with a galvanic isolation between the primary circuit (high power)
and the secondary circuit (electronic circuit).
Electrical data
IPN Primary nominal r.m.s. current 25 At
IP Primary current, measuring range 0 .. ± 80 At
VOUT Analog output voltage @ IP 2.5 ± (0.625·IP/IPN) V
IP = 0 2.5
1) V
N S Number of secondary turns (± 0.1 %) 2000
R L Load resistance  2 k
R IM Internal measuring resistance (± 0.5 %) 50 
TCR IM Thermal drift of R IM < 50 ppm/K
VC Supply  voltage (± 5 %) 5 V
IC Current consumption @ VC = 5 V Typ 23+ IS
2)+(VOUT/RL)mA
Vd R.m.s. voltage for AC isolation test, 50/60 Hz, 1 mn 3 kV
Ve R.m.s. voltage for partial discharge extinction @ 10 pC > 1.5 kV
Vw Impulse withstand voltage 1.2/50 µs > 8 kV
Accuracy - Dynamic performance data
X Accuracy @ IPN , TA = 25°C ± 0.2 %
Accuracy with R IM @ IPN , TA = 25°C ± 0.7 %
L Linearity < 0.1 %
Typ Max
TCVOUT Thermal drift of VOUT @ IP = 0 - 10°C .. + 85°C 50 100 ppm/K
TCG Thermal drift of the gain - 10°C .. + 85°C   50 
3) ppm/K
VOM Residual voltage @ IP = 0,after an overload of 3 x IPN ± 0.5 mV
5 x IPN ± 2.0 mV
10 x IPN ± 2.0 mV
tra Reaction time @ 10 % of IPN < 50 n s
t r Response time @ 90 % of IPN < 400 n s
di/dt di/dt accurately followed > 60 A/µs
f Frequency bandwidth (0 .. - 0.5 dB) DC .. 100 kHz
(- 0.5 .. 1 dB) DC .. 200 kHz
General data
TA Ambient operating temperature - 10 .. + 85 °C
TS Ambient storage temperature - 25 .. + 100 °C
Insulating material group III a
m Mass 10 g
Standards 4) EN 50178
EN 60950
Notes : 1) Absolute value @ TA = 25°C,  2.475 < VOUT < 2.525
2) Please see the operation principle on the other side
3) Only due to TCR IM
4) Specification according to IEC 1000-4-3 are not guaranteed between
180 and 220 MHz.
Features
 Closed loop (compensated) multi-
range current transducer using the
Hall effect
 Unipolar voltage supply
 Insulated plastic case recognized
according to UL 94-V0
 Compact design for PCB mounting
 Incorporated measuring resistance
 Extended measuring range.
Advantages
 Excellent accuracy
 Very good linearity
 Very low temperature drift
 Optimized response time
 Wide frequency bandwidth
 No insertion losses
 High immunity to external
interference
 Current overload capability.
Applications
 AC variable speed drives and servo
motor drives
 Static converters for DC motor drives
 Battery supplied applications
 Uninterruptible Power Supplies (UPS)
 Switched Mode Power Supplies (SMPS)
 Power supplies for welding
applications.




	 ww w .lem.com
Dimensions  LTS 25-NP (in mm. 1 mm = 0.0394 inch)
Output Voltage - Primary CurrentMechanical characteristics
 General tolerance ± 0.2 mm
 Fastening & connection of primary 6 pins 0.8 x 0.8 mm
Recommended PCB hole 1.3 mm
 Fastening & connection of secondary 3 pins 0.5 x 0.35 mm
Recommended PCB hole 0.8 mm
 Additional primary through-hole  3.2 mm
Remark
 VOUT  is positive when IP flows from terminals 1, 2, 3 to
terminals 6, 5, 4
Right view
Operation principle
Back view Front view
LEM  reserves the right to carry out modifications on its transducers, in order to improve them, without previous notice.
Number Primary nominal Nominal Primary Primary Recommended
of primary r.m.s. current   output voltage resistance insertion inductance connections
      turns IPN  [ A ] VOUT [ V ] R P  [ m ] L P  [ µH ]
1 ± 25   2.5 ± 0.625 0.18 0.013
2 ± 12   2.5 ± 0.600 0.81 0.05
3  ± 8   2.5 ± 0.600 1.62 0.12
6 5 4        OUT
  IN 1 2 3
6 5 4        OUT
  IN 1 2 3
6 5 4        OUT
  IN 1 2 3







IP  [At ]
VOUT  [V ]
Bottom view
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